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Abstract of a thesis submitted in partial fulfilment of the 
requirements for the Degree of Doctor of Philosophy.Abstract 
Bioactive metabolites of an isolate of the entomopathogenic 
fungus Beauveria bassiana  
By 
Peter Cheong Chiew Hing 
The insect-killing fungus Beauveria bassiana produces a wide range of metabolites, which presumably 
contribute to the pathogen’s virulence and infection process. Some of these metabolites showed 
negative effects when injected into the insect’s body but toxicity after topical application was hardly 
reported. Interestingly, the B. bassiana isolate K4B3 (owned by a New Zealand company, Biotelliga Ltd) 
produces insecticidal metabolites that are capable of killing via contact when cultivated under specific 
conditions. This project aimed to identify the insecticidal components and the key parameters for their 
production. Furthermore, this study provided baseline bioassay data, chemistry profiles and 
enhancement strategies for isolate K4B3.  
Aphids, mosquito larvae and brine shrimps were the most susceptible to both mycelial extract and 
supernatant of K4B3 after contact and within 24 h of application. Thrips and all stages of diamondback 
moth (eggs, caterpillars and pupae) were unaffected when treated (contact or ingestion) with cell-free 
supernatant but were killed by mycelial extracts. Artificial diet containing freeze dried supernatant 
material stunted growth and killed Spodoptera litura armyworms within 48 h. All unprocessed daily 
supernatants of K4B3 showed no inhibition against microbes. Only concentrated supernatants at 100 
mg ml-1 inhibited the growth of Rhizoctonia solani (fungus), Bacillus subtilis (Gram-positive bacterium) 
and Pseudomonas aeruginosa (Gram-negative bacterium). The mycelial extract of K4B3 at 50 mg ml-1 
showed strong inhibition against R. solani, B. subtilis and Salmonella typhi. 
The metabolites of K4B3, guided mostly by aphid bioassays in each step, were fractionated and purified 
using analytical High Performance Liquid Chromatography (HPLC). The metabolites were analysed 
based on their mass and fragmentation patterns using Mass Spectrometry (MS). A reference of 
potential metabolites produced by K4B43 was established as a result. Two major nonpolar contact 
insecticidal metabolites from K4B3 were identified as the previously described beauvericin and 
bassianolide. Beauvericin and analogues of K4B3 were demonstrating weak contact insecticidal 
activity. Bassianolide was the most aphicidal via contact. Both were detected in the mycelia rather 
than the supernatant. Apart from beauvericin and bassianolide, the insecticidal activity from the 
mycelial extract was also attributed to a few unidentified metabolites. Oosporein and a variety of 
beauverolides were also detected in the mycelia and supernatant but they were not investigated 
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further for lack of insecticidal activity via contact. A group of UV-detectable, polar and heat-stable 
metabolites in the supernatant were found to be aphicidal. These hydrophilic metabolites were not 
retained on conventional reverse phase C18 column and were eluted in the ‘void volume’. No 
conclusive mass analysis could be performed on these metabolites.  
Enzymatic metabolites of the fungus, representing known chitinases and a protease (Pr1) were also 
observed in the supernatant. Heat and EDTA treatment of the supernatant, which generally inactivate 
enzymes, suggested that these enzymes were not responsible for the insecticidal activity observed. A 
protein of 55 kDa in size, but of unknown function, was identified to be potentially insecticidal. 
Enhancement of polar organic acids (oxalic and dipicolinic acid) produced by K4B3 did not increase the 
insecticidal activities of the supernatant despite high yield of the organic acids. While oxalic acid 
appeared insecticidal, there was poor correlation between hyperproduction and insecticidal effect. 
K4B3 requires liquid media with a start pH above 5.5, preferably neutral or slightly alkaline, at 27 °C 
for the production of insecticidal metabolites. K4B3 cultured with start pH 3 or at 35 °C failed to 
produce insecticidal supernatant. Supplementing vitamin B, insect materials and minerals did not 
enhance direct insecticidal activity. Supplementing K4B3 culture with citric acid at 200 mM and 
adjusting the start pH back to pH 8 increased the insecticidal activity of the supernatant. Glucose and 
starch were the preferred carbon source in the production of insecticidal metabolites. Mycological 
peptone could substitute for bacteriological peptone. In a time course study, the strongest insecticidal 
activity was found in the supernatant of a three-day-old culture. In comparison, reduced activities were 
observed in five- and seven-day-old cultures. This work thus provides a blueprint for commercial 
production.   
Overall, the encouraging findings reported here demonstrate for the first time the contact insecticidal 
activity of beauvericins and bassianolide produced and contained in the mycelia of K4B3, of which 
traces were also detected in the supernatant. The rapid direct toxicity of the mycelial extract and 
supernatant was also attributed to a group of unknown UV-detectable metabolites. Other known 
metabolites (beauverolides and oosporein) and organic acids (oxalic acid and dipicolinic acid) in the 
supernatant lacked strong insecticidal activity. The potential synergy of all metabolites produced was 
not tested and therefore needs to be explored in future studies. 
Keywords: Contact insecticidal activity, non-polar, polar, enzymes, organic acids, UV-detectable 
unidentified metabolites 
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Chapter 1 
Metabolites of Beauveria bassiana 
Preface : Isolate K4B3  
In 2006, a farmer in Auckland stumbled upon thousands of dead cicadas covered in what looked like 
white icing powder. Specimens of the cicadas were brought into a laboratory at Biotelliga Ltd. situated 
at Pukekohe, Auckland, New Zealand and the culprit was identified as an entomopathogenic fungus 
known as Beauveria bassiana (Hypocreales: Clavicipitaceae). At first glance it looked like any other B. 
bassiana infection, but something about the isolate initiated a “backyard” research project exploring 
the insecticidal potential of the isolate, which was named K4B3. Under specific conditions, K4B3 
showed an unusual ability, not only killing pest insects rapidly but also flattening soft-bodied insects 
within 24 h. The speed with which the fungal isolate killed insects was similar to a synthetic 
insecticide.  Positive feedbacks from end users of a prototype product based on the isolate suggested 
the product showed good control of whiteflies, aphids and thrips. The strong insecticidal activity was 
also demonstrated in field trials when 2 g of K4B3 material formulated with fungal conidia from the 
same isolate and emulsifier, when added to 1 l water, knocked down whiteflies in 48 hours (Stephen 
Ford, Biotelliga, unpublished data). A cell free supernatant was thus provided to a potential partner 
(Dow Australia) for trials in 2010. Dow was intrigued and expressed interest in K4B3 but was unwilling 
to disclose their screening findings. Due to lack of interaction with Dow, Biotelliga decided instead to 
investigate further the insecticidal metabolites produced by K4B3 in New Zealand.  
Quality control criteria were originally based on the knowledge of the original discoverer using specific 
colouration and odour during fermentation as biomarkers for activity, because the active agent(s) were 
unknown. Obviously for commercial production this was inadequate and prone to operator error; 
therefore a project was initiated to discover the active agents causing rapid mortality from K4B3.  
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1.1 Beauveria bassiana (Balsamo) Vuillemin  
1.1.1 History 
The value of Chinese silk industry for thousands of years before 552 A.D. was so important that there 
was a death sentence to anyone caught smuggling the eggs of silkworms Bombyx mori and mulberry 
seeds out of China (Waldbauer, 1998) or disclosing the secret of silk making (Guntern, 2012). Still, the 
eggs were hidden by monks in their staffs and brought to Emperor Justinian of Constantinople 
(Feltham, 2009; Waldbauer, 1998). The industry flourished in Byzantium and spread to Italy and 
France. Italian silk especially fetched a very good price due to its brilliant colours and lighter fabric for 
all fashions in France (Feltham, 2009). When the silkworms started dying of a white muscardine disease 
first in Italy (around 1805) then in France (1841), it was Agostino Bassi (1773 –1856), an Italian 
entomologist, who discovered a fungus to be the culprit (Samson et al., 1988). His investigation 
spanning 25 years saved the silkworm industry, though it never recovered in France. Bassi’s 
demonstration that a fungus could cause disease in silkworm was also the first demonstration of germ 
theory, that microbes cause disease. Bassi’s contribution was acknowledged together with Giuseppe 
Gabriel Balsamo-Crivelli (1800-1874) who was also responsible for identifying the species as bassiana, 
named in honour of Bassi. The fungus was later named Beauveria bassiana in 1912 by a French 
physician, Jean Paul Vuillemin (1861-1932) in honour of the French scientist Jean Beauverie (1874-
1938) (Vuillemin, 1912 in Vega, 2007). The same disease was probably observed and recorded in 
Japanese silkworms (about 900 A.D.) but not identified (Steinhaus, 1956 in Samson et al., 1988). 
1.1.2 Taxonomy 
Beauveria bassiana along with other major terrestrial conidial entomopathogens like Metarhizium, 
Isaria, Paecilomyces fall in the Clavicipitaceae family which is placed in the Hypocreales order of the 
Ascomycota class (Humber, 2012). B. bassiana forms a dense white covering on host exoskeleton after 
death. It is often recovered worldwide from soil where it occurs naturally, although it is mainly 
considered an entomopathogen. The conidiogenous cells are usually densely clustered, colourless with 
flask-like base and denticulate (toothed) apical extension (rachis) bearing one conidium per denticle in 
a distinctly zig-zag appearance (Figure 1.1). The denticulate rachis is the distinguishing characteristic 
of a Beauveria (Humber, 2012).  
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Figure 1.1. Conidial formation of Beauveria bassiana (x7000) (Samson et al., 1988) and classification. 
1.1.3 Host range, application and commercial status 
B. bassiana has a record of parasitizing over 700 arthropod host species (Goettel et al., 2010; Xu et al., 
2009a) due to its excellent infection strategy (production of massive amounts of inocula on dead hosts) 
and less restricting requirements for germination compared to other entomopathogenic fungi. 
Metarhizium for instance are generally more host specific (St Leger, 1993) and fungi like Lecanicillium 
require long periods of moisture for spores to germinate, which limits their effectiveness in killing 
insect hosts. The first large scale use of an entomopathogenic fungus for pest control was recorded in 
Russia 1888 using Metarhizium anisopliae (Faria and Wraight, 2007). B. bassiana, under the tradename 
Boverin, was mass produced in the USSR in 1965 to control Colorado potato beetle and codling moth 
(Kendrick, 2000). In the last 4 decades, fungal products based on at least 12 species of 
entomopathogenic fungi were manufactured with B. bassiana (33.9%), M. anisopliae (33.9%), Isaria 
fumosorosea (5.8%), and B. brongniartii (4.1%) as the most common active agents among the 171 
products developed by over 80 companies worldwide (Faria and Wraight, 2007). The products claimed 
to target insects in the orders Hemiptera, Coleoptera, Lepidoptera, Thysanoptera and Orthoptera 
distributed across at least 48 families, although not all products would target all groups (Faria and 
Wraight, 2007). The 58 B. bassiana products that were undergoing registration, registered or marketed 
were mostly in the United States (15%), Mexico (10%), Colombia (10%) and Brazil (9%) (Figure 1.2). 
Recently China was reported to mass produce B. bassiana with an estimated 10,000 tons of conidia 
produced annually to control forest and crop pests (Goettel et al., 2010).  
Ascomycota class 
Hypocreales order 
Clavicipitaceae family 
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Figure 1.2. Countries with Beauveria bassiana products undergoing registration, registered or 
marketed in the last 40 years (modified from Faria and Wraight, 2007). 
1.2 Limitations of microbial entomopathogens 
The hallmarks of using biological control agents for pest control are always their safe, sustainable and 
cost effective application without depositing harmful residues into the environment and food chains. 
Entomopathogenic fungi are especially useful to control insects with sucking mouthparts for the fungi 
infect directly through cuticle (Albajes, 1999) rather than needing to be ingested as is the case with 
most bacteria, protozoa and virus insect diseases. One of the main challenges, however, is their lack 
of virulence (speed of kill) (Ortiz-Urquiza et al., 2010; Quesada-Moraga and Vey, 2004). Virulence varies 
widely between isolates of fungi, including Beauveria, to different species of insects (Anderson et al., 
2011; Tanada and Kaya, 1993) yet the fundamental concept of growth, infection and proliferation is 
conservatively similar. It takes time; to grow, infect and overcome the host’s defence system and this 
delays epizootics disease which kills more hosts. B. bassiana, like all other entomopathogenic fungi, 
can kill hosts within 4-14 days after infection (Bartlett and Jaronski, 1988; Jaronski, 2013)  In addition, 
a sufficiently high density of disease-causing propagules is required to ensure a good probability that 
an insect will come in contact to initiate the disease (Inglis et al., 2001). Environmental constraints such 
as high UV exposure, high temperature and low humidity could also reduce the efficacy of 
entomopathogenic fungi as biological control agents. B. bassiana requires specific temperature 
threshold and high humidity to persist in the environment and cause disease (Inglis et al., 2001).  
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1.3 Unraveling the infection mode 
Infection through the external cuticle is the unique characteristic of a true entomopathogenic fungus 
(Samson et al., 1988). Unlike entomopathogenic bacteria, protozoa and viruses, the fungus does not 
rely on an insect to ingest the infective propagules in order for it to penetrate via the mid-gut nor does 
it involve specific entry points like oviposition tubes, spiracles or wounds (Molnar et al., 2010; Samson 
et al., 1988).  Spores of a fungus will attach themselves onto the pest insect, germinate and breach the 
cuticle of the insects (Figure 1.3) forcibly by means of mechanical pressure and enzymatic reactions 
(Butt and Goettel, 2000; Charnley, 2003; Goettel et al., 2010; St. Leger et al., 1986). The hyphae then 
penetrate into the insect and once inside the haemolymph of the insect, each evading hypha 
proliferates into yeast-like structures known as blastospores (Inglis et al., 2012; Samson et al., 1988). 
The blastospores are quickly disseminated throughout the haemolymph making it difficult for the 
circulating haemocytes (insect immune system) which are present in limited numbers to engulf all the 
fungal elements (Samson et al., 1988). The capability of M. anisopliae and B. bassiana to evade 
encapsulation when in haemolymph may have evolved from evading predation by soil amoebae 
(Bidochka et al., 2010). The blastospores will then feed on the nutrients available inside the insect and 
multiply (Molnar et al., 2010), simultaneously releasing specific secondary metabolites to inhibit other 
existing microbes inside the insect. Fungal metabolites also paralyse the immune system and may 
assist in killing the insect (Anderson et al., 2011; Inglis et al., 2012; Vega and Kaya, 2012) before it can 
nurse itself back to health, for example through body thermoregulation (Inglis et al., 1996) or 
glutathione-S-transferase (GST) and fat body to detoxify exogenous compounds (Rohlfs and Churchill, 
2011). B. bassiana secretes higher amounts of secondary metabolites when encountering live insect 
tissues compared to dead tissues (Bekker et al., 2013).When the nutrient runs low, the blastospores 
germinate into hyphae which then form into mycelia and the fungus eventually emerges from the 
cadaver of the insect. Sporulating structures are generally formed outside the insect cadaver under 
favourable environmental conditions. As an infection progresses, a pest insect would stop attacking 
crops and start dying due to fungal physical obstruction of blood circulation, nutrient depletion and 
invasion of vital organs apart from toxin exposure from the fungus (Inglis et al., 2012).  
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Figure 1.3. An infection process of an entomopathogenic fungus breaching the cuticle and multiplying 
inside the haemolymph of an insect (Vega and Kaya, 2012). 
1.4 Metabolites of the Hypocreales entomopathogenic fungi 
Agostino Bassi provided the first scientific evidence (using B. bassiana) to demonstrate the germ 
theory of diseases proposed by Koch and Pasteur (Xu et al., 2009a). In general, pathogenic microbes 
use more than just a biological mechanical process to infect and kill insects; chemistry plays an 
important role in determining their niche, virulence and success (St Leger, 1993).  
Apart from enzymes, a range of unique biologically active secondary metabolites are produced by 
entomopathogenic fungi (Table 1.1). Generally, secondary metabolites are often low molecular weight 
spin-offs from various intermediates in primary metabolism (Vey et al., 2001). The energy invested to 
produce them is not to be belittled given their ultimate role as defensive “chemical weapons” (Rohlfs 
and Churchill, 2011; Turner, 1971) against physical aggression, predation and infection. It is a requisite 
for survival in most plants, insects and microbes. In entomopathogenic fungi, the opposite is true. Their 
secondary metabolites allow them to attack for resources, suppress and overcome the host immune 
system, kill hosts, compete against existing and opportunist microbes and withstand harsh and 
unfavourable environmental stress such as high temperature, UV radiation and desiccation (Cox and 
Glod, 2004; Isaac, 1994; Rohlfs and Churchill, 2011; Strasser et al., 2000b; Vey et al., 2001). Some of 
these metabolites are restricted to specific genera of entomopathogenic fungi while others are more 
ubiquitous (Vey et al., 2001). Within the same species of the entomopathogenic fungus, B. bassiana, 
different strains isolated from different hosts were also shown to exhibit different insecticidal activities 
and produce different levels of insecticidal metabolites (Amiri-Besheli et al., 2000; Bandani et al., 2000; 
Fuguet et al., 2004; Strasser et al., 2000b). It’s the chemistry between these fungi and their metabolites 
that will answer the potential and risk for their application in pest control and medical research (Cedric, 
1997; Molnar et al., 2010).  
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Table 1.1. Secondary metabolites; polyketide, nonribosomal peptide, terpenoid and organic acids 
identified from entomopathogenic fungi (modified from (Bandani et al., 2000; Herrero-Galan et al., 
2008; Molnar et al., 2010; Quesada-Moraga and Vey, 2004; Shiomi et al., 2010; Sussmuth et al., 2011)  
via http://www.chemspider.com/Chemical-Structure and http://pubchem.ncbi.nlm.nih.gov/).  
Metabolite: Formula structure, molecular 
weight and bioactivity  
Entomopathogenic fungi  
Polyketides           
Oosporein 1 
C14H10O8 MW 306.224 
Antiviral, antibacterial (gram-positive), antifungal         
Beauveria bassiana, Beauveria brongniartii 
Cordyol, diorcinol, violaceol  
C14H14O3 MW 230.259 
Cytotoxic and antimalarial 
Cordyceps sp. 
Naphthopyran  
C13H10O MW 182 
Antimalarial 
Cordyceps pseudomilitaris, Cordyceps spp. 
Viriditoxin and viriditoxic acid  
C34H30O14 MW 662.594  
Antibacterial 
Paecilomyces variotii 
Ascherxanthone A  
C32H34O10 MW  578.606 
Cytotoxic and antimalarial 
Aschersonia sp. 
Norlichexanthone  
C14H10O5 MW 258.226  
Cytotoxic and antimalarial 
Paecilomyces cinnamomeus 
Erythrostominones  
C17H16O8 MW 348.304 
Antimalarial and weak cytotoxic 
Cordyceps unilateralis 
Rugulosin  
C30H22O10 MW 542.489 
Cytotoxic 
Aschersonia samoensis (teleomorph: Hypocrella 
discoidea) 
Skyrin  
C30H18O10 MW 538.458 
Cytotoxic 
Aschersonia samoensis (teleomorph: Hypocrella 
discoidea). 
Emodin  
C15H10O5 MW 270.237  
Cytotoxic 
Metarhizium anisopliae 
(+)-Phomalactone  
C8H10O3 MW 154.163 
Antimicrobial, phytotoxic, cytotoxic, insecticidal 
Hirsutella thompsonii var. synnematosa 
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(Table continues)  
Aurovertins  
Analogue D MW C25H32O9 476.516 
Analogue F MW C23H30O8 434.480 
Anticancer, enzyme inhibitor 
Metarhizium anisopliae 
Pyrenocine A and B  
C11H12O4 MW 208.211 
Cytotoxins. Phytotoxic 
Verticillium hemipterigenum (teleomorph: T. 
hemipterigena) 
Myriocin  
C21H39NO6 MW 401.538  
Enzyme inhibitor, immunosuppressive 
The anamorph of C. heteropoda  and Isaria 
sinclairii (teleomorph: C. sinclairii; P. cicadae) 
JBIR  
C26H48NO9P MW 549.635 
Weak antifungal activity 
Metarhizium sp.  
Nonribosomal peptides 
Hirsutellic acid A  
C29H40N4O5 MW 524.651 
Antimalarial 
Hirsutella sp.  
Leucinostatins (paecilotoxins)  
C58H102N10O13 MW 1147.490  
Cytotoxic 
Paecilomyces lilacinus, 
Culicinins A–D  
Analogue D C63H115N11O13 MW 1234.653  
Anti-cancer 
Culicinomyces clavisporus 
Cicadapeptins I and II  
C50H90N10O11 MW 1007.310 
Moderate antibacterial 
Tolypocladium (anamorph of Cordyceps 
heteropoda) 
Diketopiperazines  
C4H6N2O2 MW 114.103 
Moderately cytotoxic and anti-mycobacterial 
Verticillium hemipterigenum 
Vertihemiptellides  
Moderately cytotoxic and anti-mycobacterial 
Verticillium hemipterigenum 
Bassiatin 2 
C15H19NO3 MW 261.3163 
Not cytotoxic 
Beauveria bassiana 
Lateritin  
C15H19NO3 MW 261.316  
Cytotoxic, antibacterial, antifungal 
Isaria japonica 
Hirsutide  
C34H40N4O4 MW 568.706  
Cytotoxic 
Hirsutella sp. 
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(Table continues)  
Beauverolides (aka beauveriolides) 3  
C27H41N3O5 MW 487.632 
Immunosuppresive 
Beauveria bassiana, Beauveria “tenella”, 
Paecilomyces fumosoroseus  
Hirsutatin A and B  
C34H52N4O10 MW 676.798 
Anti-plasmodial 
Hirsutella nivea 
Paecilodepsipeptide A  
C40H47N5O 741.829 
 Anti-plasmodial 
Paecilomyces cinnamomeus, Tolypocladium 
luteorostrata 
Cordyheptapeptides A and B  
Anti-malarial, cytotoxic 
 
Cordyceps sp. 
Cyclosporins  
C62H111N11O12 MW 1202.611 
Antifungal, immunosuppressive, antirheumatic 
Tolypocladium niveum  
Hirsutellide A  
C36H48N4O8 MW 664.788  
Antimycobacterial and weak antimalarial 
Hirsutella kobayasii 
Beauvericin 4 
C45H57N3O9 MW 783.95 
Insecticidal, antibacterial, antifungal, cytotoxic  
 
Beauveria bassiana, Paecilomyces tenuipes 
Enniatins  
C33H57N3O9 MW 639.820  
Antibiotic, antifungal, cytotoxic, anthelminthic  
 
Verticillium hemipterigenum. 
Bassianolide 5 
C48H84N4O12 MW 909.201 
Insecticidal, anticancer 
Beauveria bassiana, Lecanicillium sp. 
Paecilosetin  
C22H33NO4 MW 375.502 
Antimicrobial 
Paecilomyces farinosus 
Bassianin 6 
C23H25NO5 MW 395.448 
Beauveria bassiana 
Tenellin 7 
C21H23NO5 MW 369.411 
Beauveria bassiana 
Destruxin 8 
C29H47N5O7 MW 577.713 
Insecticidal, cytotoxic, antibiotic, phytotoxic 
Metarhizium anisopliae 
Efrapeptins 9 
Analogue G C83H143N18O16 MW 1649.134 
Insecticidal, cytotoxic, antifungal, antibacterial 
Tolypocladium cylindrosporum 
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(Table continues) 
 
 
Verticilide 10 
C44H76N4O12 MW 853.094 
Insecticidal  
Verticillium sp.  
Ribosomal peptide  
Hirsutellin A  
Insecticidal  
Hirsutella thompsonii 
Bassiacridin  
Insecticidal 
Beauveria bassiana 
Terpenoid  
Aphidicolin  
C20H34O4 MW 338.482  
Cytotoxicity 
Lecanicillium sp., Cephalosporium aphidicola 
Metarhizins A and B  
C33H50O6 MW 542.748 
Anticancer 
Metarhizium flavoviride 
Organic acid  
Dipicolinic acid 11 
C7H5NO4 MW 167.119 
Insecticidal  
Beauveria bassiana, Paecilomyces fumosoroseus 
(Isaria fumosorosea), Cordyceps militaris, 
Lecanicilium, Verticillium lecanii.  
Oxalic acid 12 
C2H2O4 MW 90.035 
Insecticidal  
Beauveria bassiana, Paecilomyces farinosus 
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Figure 1.4. Structures of primary (11-12) and secondary metabolites produced by Beauveria bassiana 
(1-7) and insecticidal metabolites identified from other entomopathogenic fungi (8-10)  
(Molnar et al., 2010; Shiomi et al., 2010). 
1.5 Secondary metabolites of Beauveria bassiana 
Among the range of secondary metabolites produced by B. bassiana (Table 1.1 and Figure 1.4), only 
beauvericin, bassianolide, dipicolinic acid and oxalic acid have been shown to be insecticidal (Aliano 
and Ellis, 2009; Asaff et al., 2005; Bidochka and Khachatourians, 1991; Grove and Pople, 1980; Kanaoka 
et al., 1978; Kirkland et al., 2005; Quesada-Moraga and Vey, 2004; Safavi, 2013; Wang and Xu, 2012; 
Xu et al., 2009a). The others, i.e. beauverolides, tenellin, bassianin and oosporein, have not been 
directly linked to insect mortality but may interfere with the immune system of the insects (Eley et al., 
2007; Vurro and Gressel, 2007). Some enzymes were also found to accelerate the insecticidal activities. 
Kim et al. (2009) reported that chitinase and proteases of B. bassiana degraded the cuticle of aphids 
and deformed the aphids within two days. B. bassiana also produces a macromolecular toxic protein 
which caused a rate of mortality near 50% at relatively low dosage when injected into fourth instar 
nymphs of Locusta migratoria. The insecticidal protein was pursued and identified as bassiacridin 
(Quesada-Moraga and Vey, 2004). Other metabolites have been described as well but their function 
has yet to be identified (Ortiz-Urquiza et al., 2010).   
Beauvericin, a cyclopeptide is biologically active against larvae of Spodoptera frugiperda, Galleria 
mellonella, Calliphora erythrocephala, Aedes aegypti, Culex pipiens, Lygus sp., Schizaphis 
graminumcorn and brine shrimps (Calò et al., 2004; Grove and Pople, 1980; Gupta et al., 1995; Hamill 
et al., 1969; Khachatourians and Philips, 2001; Safavi, 2013). For some organisms it is moderately to 
weakly toxic, with one report showing no insecticidal activity when injected into corn earworm 
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(Helicoverpa zea), (Champlin and Grula, 1979). It inhibits Gram-positive bacteria (Ovchinnikov et al., 
1971), viruses (Shin et al., 2010; Xu et al., 2008) and some of the different analogues inhibit the yeast 
Candida albicans including fluconazole resistant C. albicans (Fukuda et al., 2004). Beauvericin’s innate 
ionophoric properties to form Na+ and K+ complexes enable it to permeate natural and artificial 
membranes (Ovchinnikov et al., 1971) and to disturb the physiological ionic balance, pH, and cellular 
metabolism (Kouri et al., 2005; Sussmuth et al., 2011). Beauvericin is mostly retained in the mycelia of 
a submerged culture (Safavi, 2013; Wang and Xu, 2012; Xu et al., 2009b).  
Bassianolide is another depsipeptide possessing ionophoric properties (Kanaoka et al., 1978) which 
allows it to permeate membranes. The molecule has a relatively hydrophilic interior and a hydrophobic 
exterior allowing inorganic cations to ligate in the hydrophilic centre of the molecule. Ions can then be 
transported across lipophilic membranes because of the overall hydrophobic nature of the complex 
(Roberts, 1992). Small dosage of bassianolide fed to silkworm larvae induced atonic symptoms and 
caused lethargy at 13 ppm (Kanaoka et al., 1978). Injection of an aqueous bassianolide suspension into 
the larvae of lepidopterans Bombyx mori and Helicoverpa zea caused atonic symptoms at a dose of 2 
µg larva-1 and was lethal at a dose of >5 µg larva-1 (Champlin and Grula, 1979; Roberts, 1992).  
Bassianolide has been proven as a virulence factor in B. bassiana (Xu et al., 2009a), demonstrated by 
deleting the bassianolide synthetase gene cluster which resulted in a lack of pathogenicity to insects.  
Tenellin and bassianin are yellow pigments which affect the erythrocyte membrane (Jeffs and 
Khachatourians, 1997). Tenellin was found in knock-out gene experiments to not be involved in insect 
pathogenicity (Eley et al., 2007).  
Various biological tests have indicated that beauverolides do not exhibit bactericidal, fungicidal or 
direct insecticidal effects, but act more on insect immunomodulation (Kuzma et al., 2001). In a study 
using live and dead insect tissues, a variety of beauverolides analogues were found (Bekker et al., 
2013). B. bassiana secretes beauverolides at a higher quantity in the presence of living tissues.  
Oosporein has no significant insecticidal activities but was monitored for its recognition as the agent 
that caused avian gout and kidney nephrosis in chickens and turkeys as it disrupts erythrocyte activities 
and reacts with proteins and amino acids (Strasser et al., 2000b). There are no reports of phytotoxicity 
of oosporein (Strasser et al., 2000b). However, this red-pigmented dibenzoquinone is effective against 
Gram-positive bacteria, viruses and fungi (Nagaoka et al., 2004). It is a rather strong organic acid (Seger 
et al., 2005). The solubility rises with increasing pH and temperature but under moderate alkaline 
conditions and increased temperature the half-life dropped below 20 h at pH ≥8.0 and T≥43 °C (Seger 
et al., 2005). Under physiological conditions (pH7), its lipophilicity is very low and therefore could not 
pass any type of biological membrane by the mechanism of passive diffusion (Seger et al., 2005). There 
is also no active transport system for oosporein unless the environment at the absorption site is very 
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acidic, such as in the gastric system. It is UV-detectable at 280 nm and it is analysed in negative mode 
mainly on mass spectrometer. The EI spectrum at 70 eV by Direct Exposure Probe (DEP) showed the 
major ions included the following: m/z (relative intensity); M+ at 306 (48), 250 (l0), 222 (38), 194 (12), 
167 (18), 138 (28), and 83 (100) (Strasser et al., 2000b).  
1.6 Enzymes  
The cuticular surface of insects is covered by a thin layer of lipids, mainly hydrocarbons, wax esters, 
fatty alcohols, and free or esterified fatty acids (Juárez and Fernández, 2007), in addition to protein 
and chitin. The non-polar structure, which is hydrophobic, plays a major role in preventing desiccation, 
altering the absorption of water, chemicals and microorganism penetration. Fungal enzymes, aside 
from digesting the insect cuticle to assist penetration of hyphae (Campos et al., 2005), may play a role 
in the early stages of infection, including detoxification of antifungal properties (toxic cuticular lipids, 
benzoquinones, small peptides, proteins, insect-derived chitinase, protease inhibitor and antibiotics) 
which were produced by the insect or bacteria symbionts and secreted to the cuticle (Gołębiowski et 
al., 2015; Holder et al., 2007; Kirkland et al., 2004; Ortiz-Urquiza and Keyhani, 2013; Saito and Aoki, 
1983; Smith and Grula, 1982; Sosa-Gomez et al., 1997). Some enzymes were also found to accelerate 
the insecticidal activities (Kim et al., 2009). Chitinase, together with protease Pr1, was the main factor 
for high insecticidal activity. The protease Pr2 was less effective in these studies (Kim and Yeon, 2010b).   
1.7 Metabolic acids 
In addition to the non-protein metabolites, it has been demonstrated that oxalic acid and dipicolinic 
acid produced by B. bassiana killed ticks and whitefly nymphs after topical applications (Asaff et al., 
2005; Kirkland et al., 2004). Oxalic acid (OxA) and citric acid (CA) dissolved cuticle tissues of 
grasshoppers (Bidochka and Khachatourians, 1991). OxA found its use in the control of Varroa mites 
in bee hives, showing only toxic effect on the mites and not to the bees (Aliano and Ellis, 2009; 
Bacandritsos et al., 2007). OxA was transferred through the colony by bee body contact (Aliano and 
Ellis, 2009). OxA was absorbed through the bees’ cuticle and resulted in a brief spike of oxalic acid 
concentration in the haemolymph at 2 h after which returned to normal thereafter suggesting that the 
mites most likely ingested low pH haemolymph of the bees (Nozal et al., 2003). Phytopathogenic fungi, 
such as Sclerotinia sclerotiorum, infect and colonize more than 400 plant using oxalic acid as a major 
factor assisting infection (Cessna et al., 2000; Guimarães and Stotz, 2004).   
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1.8 Mode of action of secondary metabolites 
Intensive studies on the insecticidal metabolites discussed above were conducted mostly by injecting 
the metabolites directly into haemolymph of insects, thus bypassing the cuticle and mimicking 
infection of the colonising pathogen (Kanaoka et al., 1978; Roberts, 1992; Schrank and Vainstein, 2010; 
Sussmuth et al., 2011; Vey et al., 2001; Xu et al., 2008). Larvae of silkworm, wax moth (Galleria 
mellonella), and locust (Locusta migratoria) were among the main assay subjects used. Other 
assessments included ingestion through bait and contact assays which were similar to using fungal 
spores and conventional insecticides except only metabolites at certain concentrations were used. 
Methods of application were: using a tower spray, airbrush spray, dipping, immersion, contaminated 
surfaces or substrate and topical application to the thoracic region of insects or through plant vascular 
system (Butt and Goettel, 2000; Kanaoka et al., 1978; Robert and Riba, 1989).  
Toxin absorption through the cuticle is of upmost interest. Destruxin, produced by Metarhizium spp., 
has no contact toxicity in some reports when applied to the integument of insects while others have 
reported that Destruxin A and E were topically toxic to diamondback moth (DBM), Plutella xylostella 
larvae and P. cochleareae (Amiri et al., 1999). Destruxin, produced by most Metarhizium spp., has 
never been detected from B. bassiana.  
Contact toxicity via supernatant of B. bassiana (culture filtrate) was recently reported in two studies 
on aphids (Gurulingappa et al., 2010; Kim et al., 2013). The active(s) however remain undescribed in 
these latter studies.  
It is clear that previous research on B. bassiana does not indicate strong contact insecticidal action, 
without hyphal penetration. A thorough analysis of the literature shows that most reports on 
metabolite or enzyme effects were achieved by injecting these compounds into insects. The rapid 
direct toxicity of K4B3 supernatant therefore remains enigmatic. 
1.9 Production of bioactive metabolites and nutrient availability 
The production of bioactive metabolite(s) can be influenced by nutrient availability (Bandani et al., 
2000; Hanson, 2008). Growth media incorporating different carbohydrates and a variety of peptone 
and amino acids, have been used to cultivate entomopathogenic fungi for the production of unique 
metabolites and enzymes (Bandani et al., 2000; Donatti et al., 2008; Hanson, 2008). Amino acid 
methionine enhanced the production of cuticle degrading proteases in Beauveria spp. (Donatti et al., 
2008). Feeding 30 hydroxycarboxylic acid and amino acid precursor analogues to B. bassiana yielded 
six new beauvericin analogues (Xu et al., 2007). Sanagiko, a powdered silkworm pupa material, 
stimulated the production of antimicrobial properties (Lee et al., 2005). K4B3 is producing insecticidal 
broth using the propriety medium which is rich in carbohydrate, nitrogen sources and salt.  
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1.10 Research approach  
Liquid cultures of an isolate of the fungus B. bassiana, K4B3, have displayed unusual rapid insect killing 
abilities when grown under very specific conditions.  B. bassiana is usually pathogenic to insects 
through infection and colonisation of the live insects, rather than exhibiting knock-down insecticidal 
activity within a day.  The main aim of this project was to isolate, identify and characterise the most 
significant contact insecticidal metabolites from K4B3, and to optimise the production of such 
metabolites. One aim was to provide a mechanism to monitor the quality and quantity of the 
metabolites produced for commercial production.  
K4B3 could be producing a single or several known or novel insecticidal metabolite(s) with different 
mechanisms of action. A combination of metabolites could also exert its toxic effects synergistically on 
the target insects. Studies were undertaken to identify the different types of insecticidal metabolites 
and to understand their modes of action providing the closest metabolite(s) which kills with strong 
activity.  
The main hypothesis underlying this research was that “B. bassiana isolate K4B3 produces a range of 
known and novel insecticidal compounds at levels not reported previously that can kill insects through 
direct contact”. 
To verify this assumption, the following objectives were pursued: 
• Identify the efficacy of the metabolites against a range of insects via contact application.  
• Identify insecticidal metabolites based on sequential fractionation, insect bioassay and 
biochemical analysis.   
• Assess parameters which influence the production and optimization of the insecticidal 
metabolites.  Identify the optimum harvest day under specific parameters. 
• Assess if hydrolytic enzymes, protein and organic acids are involved in aphicidal activities. 
Chapter 3 outlines experiments establishing the efficacy of the metabolites against a range of 
organisms. Chapter 4 and 5 contain the insecticidal chemistry profiles of metabolites from mycelia and 
supernatant respectively. Chapter 6 compiles parameters and processes for the production and 
optimization of insecticidal metabolites. Chapter 7 and 8 cover potential correlation of insecticidal 
activity with enzymes, macromolecular protein and organic acids produced by K4B3. 
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Chapter 2 
General materials and methods 
2.1 Source of fungal material 
2.1.1 Culture and supplied material 
A single Beauveria bassiana isolate, K4B3, was used in this study. The earlier fungal materials were 
supplied by Biotelliga. 
A proprietary medium (Table 2.1) at start pH 5.5 (adjusted using 0.1 M citric acid CA) was used to 
produce 1 l of liquid culture of B. bassiana K4B3 in a 6 l round flat bottom flask. Streptomycin sulphate 
(Sigma-Aldrich) at 0.04 g l-1 and Penicillin G sodium salt (Sigma-Aldrich) at 0.0125 g l-1 were dissolved 
in 1 ml distilled water, sterile filtered (0.2 µm, Sartorious) and added to the medium together with an 
inoculum (25 ml) of a five-day-old K4B3 liquid culture, grown using the same medium at start pH 5.5 
(200 ml in a 250 ml round flat bottom flask) rotated at 150 rpm at 27°C. The flask was rotated at 130 
rpm at 27 °C for five days. The culture material was labelled with prefix “SF”.  
Fermenter produced material was also provided by Biotelliga. The culture was produced using a 180 l 
bioreactor (Sartorius Stedim Biotech) and the same medium as in Table 2.1 with parameters as 
described in Appendix A.1.3. These samples were prefixed with “FERM”.  
Approximately 2.8 kg of supernatant and 80 g of wet mycelium were usually available from a bag 
supplied by Biotelliga. The mycelium was separated from the supernatant by centrifugation at 4000 
rpm for 15 min. Both mycelium and supernatant were freeze dried prior to chemical extraction. A total 
of five separate batches were supplied for chemical analysis and preliminary bioassay setups. A batch 
supplied in June 2012 was used as the standard material in this study.  
Table 2.1. The basic ingredients and composition used to grow K4B3 at Biotelliga.   
Ingredients  Weight (g) 100 ml-1 
Bacteriological Peptone (Oxoid) 
Tryptone (Oxoid) 
Yeast Extract (Oxoid)  
Salt, NaCl (Scharlau)  
Potassium dihydrogen phosphate, KH2PO4 (Scharlau)  
Magnesium chloride, MgCl2 (Scharlau)  
L-Methionine (Acros)  
Glucose/dextrose (Scharlau) 
Filtered reverse osmosis water 
   1.00 
    0.20 
    0.20 
    0.60 
    0.20 
    0.05 
    0.07 
    3.00 
100.00 
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2.1.2 Production of material at Lincoln University 
K4B3 isolate obtained from Biotelliga was cultured in 200 ml of the propriety medium using 500 ml 
conical flasks under similar conditions for five days as described in A.1.1. The broth was stored in 40% 
sterile glycerol in aliquots of 50 ml falcon tubes (Corning) and 1.8 ml cryotubes (Thermo Scientific) at -
80 °C deep freezer as stock culture. Seed cultures harvested after three days were grown from stock 
culture in propriety medium (A.1.1) and used as inoculum for experiments. 
Submerged liquid fermentations of K4B3 were carried out in Lincoln University from October 2012 
onwards using media supplied by Biotelliga for further chemical and optimisation studies. The medium 
was adjusted to pH 5.5 using 0.1 M potassium hydroxide KOH and 0.1 M CA and autoclaved at 121 °C 
for 15 min. A total of 2% (2 ml) of the final volume (100 ml) of a three-day-old fermentation broth of 
B. bassiana was used as inoculant. The flasks were constantly shaken at 225 rpm and incubated at 27 
°C for seven days, generally sampled every 24 h in time course studies. Five ml of samples were 
retrieved from each flask aseptically and the samples were stored at -20 °C directly after collection. 
The tips of pipettes after sampling were streaked onto Potato Dextrose Agar (PDA) plates for 
contamination check.  The fermentation duration was shortened to three days after the optimum 
production day of insecticidal metabolites was determined.  
A series of submerged K4B3 cultures were evaluated for insecticidal ability under the influence of 
vessels, pH, inoculum size, temperature, aeration (shake speed), medium composition and stress. All 
fermentation conditions were adjusted and changed following bioassay results of the previous 
conditions tested. 
Samples kept at -20 °C were thawed and centrifuged at 4000 rpm for 15 min to separate supernatant 
and mycelia for different experiments. The supernatants were used directly without organic solvent 
treatments in bioassays during optimisation. One ml of the supernatant was added with 0.1% Tween 
80 for routine bioassay.  
2.2 Bioassays 
2.2.1 Aphid spray assay 
Aphids, Myzus persicae Sulzer (Hemiptera: Aphididae), were maintained in a laboratory culture 
(Lincoln University, New Zealand) on Brassica plants. A section of a young cabbage leaf was cut into 
squares (3 x 3 cm) and placed on water agar in a 9 cm petri dish using 0.01% Triton-X100 to adhere to 
the surface. Thirty to fifty mixed age aphids were placed on each leaf. Three hundred µl of treatment 
solutions (unless otherwise stated) were sprayed onto the aphids on each leaf using a double action 
siphon feed hand-held airbrush (Paasche, Chicago USA). Each treatment solution was used on two 
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replicate plates of aphids. It was found to be crucial that the aphids were blown dry if the treatment 
solution was prepared in methanol (MeOH) (Sigma-Aldrich) or any other organic solvents. Excess 
supernatant was gently blown off aphids and leaves using the same airbrush to prevent the aphids 
from drowning. The petri dishes were then covered with lids which had meshed air holes and left to 
dry.  All plates were maintained in the incubator at 22 °C in constant light. Dead aphids were counted 
after 24 h, and the morphology of the cadavers was observed.  
Percentage of mortality was calculated as M% = D/(D+A)*100% with M=Mortality, D=Dead, A=Alive. 
Negative controls were MeOH, blank media and water, as appropriate. The latter two liquids were with 
supplied with 0.1% Tween 80. Proliferating aphids in the negative control after 48 h indicated the 
aphids used were healthy. No mortality data adjustment was made using the negative control data. 
Commercial pyrethrum (Key Industries, Auckland) with 14 g l-1 pyrethrins in the form of an emulsifiable 
concentrate, was prepared in water at 5 ml l-1 for use as positive control. Between treatments, the 
airbrush was rinsed and purged twice with distilled water or MeOH.  
2.2.2 Diamondback moth caterpillar drench assay 
Ten diamondback moth (DBM) caterpillars Plutella xylostella (Lepidoptera: Plutellidae), from a 
laboratory culture maintained at Lincoln University were ‘drenched’ for 5 seconds in 60 µl of treatment 
solution to which 1% DMSO and 0.1% Tween 80 had been added. Excess liquid was evaporated by 
blowing air over the larvae to prevent drowning. The caterpillars were then left with a fresh piece of 
cabbage leaf and observed for mortality and leaf damage after 24 h. Second and third instars were 
used and three replicates for each treatment were carried out. DBM caterpillars drenched in blank 
media with 1% DMSO and 0.1% Tween 80 served as controls.  
2.3 Extraction, separation and purification of metabolites  
2.3.1 General methods 
Non-protein metabolites of K4B3 were extracted and separated using a series of organic solvents with 
different polarity. All organic solvents; hexane (Hex), diethyl ether (DE), acetone, butanol (BuOH), 
dichloromethane (DCM), methanol (MeOH), ethyl acetate (EA) and acetonitrile (MeCN) were 
purchased from Sigma-Aldrich or BDH chemicals. The fungal mycelia were extracted using MeOH or 
EA and cell-free supernatant was extracted with water immiscible solvents. Butanol (BuOH) was used 
initially but was subsequently replaced by EA since these two solvents share the same polarity and the 
latter extracts dried quicker without residues. The extracts were then further separated sequentially 
via solvent-solvent extraction (SSE) and liquid chromatography techniques guided by bioassays. 
 37 
Fractions showing insecticidal activities were further purified using high performance liquid 
chromatography (HPLC) on an Agilent HP 1100 series and analysed by mass spectrometry (MS).  
Protein metabolites from the cell-free supernatant of K4B3 were salted out using ammonium sulphate 
(Sigma-Aldrich). The protein precipitate were separated based on their molecular sizes using Sephadex 
resins (Pharmacia), ultrafiltration and sodium dodecyl sulphate polyacrylamide gel electrophoresis 
(SDS PAGE) guided by bioassays. The extraction, purification and analysis processes as well as the 
solvents used for SSE were as outlined in Figure 2.1 and Table 2.2. Two main groups of metabolites 
were targeted; hydrophobic (nonpolar, non-proteins) and hydrophilic (polar and protein).  
 
Figure 2.1. Bioassay-guided extraction, separation and purification processes. 
Table 2.2. Organic solvents used for Solvent-Solvent Extraction (SSE) in increasing polarity (Hansen, 
2007). 
Organic solvent Formula Polarity 
Hexane C6H14 0.0 
Diethyl ether C4H10O 2.9 
Chloroform CHCl3 3.1 
Ethyl Acetate C4H8O2 5.3 
Butanol C4H10O 5.7 
Dichloromethane CH2Cl2 6.3 
Ethanol C2H6O 8.8 
Acetone C3H6O 10.4 
Methanol CH4O 12.3 
Water H2O 16.0 
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2.3.2 High pressure liquid chromatography (HPLC) 
Bioactive fractions from silica gel or LH20 column chromatography were pooled and fractionated again 
using HPLC Agilent HP 1100 Series on a Phenomenex Reverse Phase Carbon-18 (RPC18 5µ) column 
(analytical 150 x 4.6mm) and (semi-prep 250 x 10 mm) equipped with a diode array detector (DAD), an 
automatic injector, an auto sampler and a column oven. The software used was ChemStation Rev. A. 
10.02 (1757). Fractions were collected manually until December 2013 when an automated G1364B 
fraction collector prep-scale was purchased. 
The binary elution gradient consisted of water (solvent A) and acetonitrile (solvent B), both containing 
0.1% (v/v) trifluoroacetic acid (TFA). The HPLC buffers and gradient parameters were adjusted 
repeatedly to optimise separation of all the insecticidal semi-pure metabolites prior to collection using 
a semi-prep column. The injection volume was 100 µl and UV detection was set at 210, 220, 254, 280 
and 320 nm. The flow rate was 1.2 ml min-1 (analytical) and 5 ml min-1 (semi-prep). UV-detectable 
metabolites which appeared as peaks in the chromatogramme, were collected every minute. Fractions 
collected were freeze dried and re-suspended in MeOH or water added with 0.1% Tween 80 and tested 
against aphids. Whenever possible, the observed UV patterns of the bioactive peaks were added to 
the spectral library of the HPLC as an in-house reference. 
2.3.3 Mass spectrometry (MS) and metabolite identification 
Purified bioactive fraction(s) were analysed using a mass spectrometer at AgResearch (QStar Pulsar i 
Q-TOF & maXis-Bruker), University of Canterbury (maXis-Bruker) and Cawthron Institute (UPLC-Xevo-
TQS MS), all in New Zealand. Samples were diluted 1:20 with methanol containing 10 mM ammonium 
acetate prior to analysis via QStar Pulsar i Q-TOF at AgResearch. Scan range was set from 0-1000 in 
positive mode. Direct electrospray ionization (ESI) was also performed on MaXis-Bruker at AgResearch 
and University of Canterbury in positive mode with a mass range from m/z 50-1000 (parameters in 
Appendix A.3). The masses of the metabolites as well as the fingerprint fragmentation patterns 
obtained were checked against web databases [MetFrag, MetLin and Massbank], Japanese in-house 
database Umezawa (version 2007) and published literature (on entomopathogenic fungi) for 
preliminary identification. The value of mass to charge ratio (m/z), and intensity of all fragments 
obtained of a metabolite were compared to the configuration of the metabolites in the database.  
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Chapter 3 
Establishing baseline bioactivity of K4B3 
3.1 Introduction 
The unusual rapid display of insect killing ability via contact using products based on K4B3 led to the 
registration and commercial production of this fungus in New Zealand (NZ) as a contact bio-insecticidal 
product under the trade name “Beaublast”. Underglass NZ, a grower of red and green tomatoes in NZ, 
reported surprising knockdown effects on silverleaf whiteflies Bemisia tabaci within 24 h using the 
formulated product. Similar successes were reported in different field trials carried out (Biotelliga, 
unpublished data). Yet there was very little information available on the bioactivity of K4B3 
metabolites, the range of susceptibility in different insect species, the effect of culturing time, or the 
effect of shake flask versus fermenter production. There was little guidance from the literature as 
outlined in Chapter 1 on Beauveria metabolites suggesting contact toxicity strong enough to account 
for the observations of Biotelliga. There was, therefore, a clear need to establish the baseline 
bioactivity of the metabolites produced associating it with optimum day to harvest, effect of media 
and production conditions. Susceptible test subjects identified would provide valuable alternative 
secondary or primary screening guiding the fractionation, purification and identification process of the 
contact insecticidal metabolite(s).    
3.2 Susceptibility to K4B3 toxins in model organisms 
3.2.1 Background 
B. bassiana infects and kills over 700 species of insects (Inglis et al., 2001). However, few studies have 
reported any contact insecticidal metabolites. K4B3 was thus checked for its non-infectious contact 
biocidal efficacy using crude mycelial extract and supernatant. Organisms which Biotelliga had not 
tested against were looked into and the most susceptible organism from this assessment could be 
utilised as potential primary or secondary screening test subjects to confirm insecticidal activity. A 
sensitive bioassay for insecticidal activity was crucial to refine and validate fractionation and 
purification processes especially when the bioactive(s) could often be in minute quantity after 
chemical processing.  
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3.2.2 Bioassay materials and methods 
Aphids, diamondback moth (DBM) larvae, brine shrimps, mosquito larvae, thrips, armyworm larvae 
and phytopathogenic microbes were selected for bioassays based on their economic importance, ease 
to culture and availability. The materials used for bioassay were as below. 
One liter of K4B3 broth was produced using ingredients and culture parameters (as listed in Appendix 
A.1.1 and A.1.4). Approximately 900 ml of the broth was centrifuged at 4000 rpm at 20 oC for 15 min 
to separate the mycelia and supernatant. Five hundred ml of supernatant was separated from mycelia 
through centrifugation and passed through a 0.2 µm filter (Sartorious). A sample was used directly for 
bioassays without organic solvent treatments. Three hundred ml of the cell-free supernatant and the 
mycelia (170 g wet weight) were freeze dried (using a Thermo modulyo unit connected to a vacuum 
pump Savant VLP120) for 24 h. The freeze-dried mycelial material was pulverized using a blender and 
shaken three times in 200 ml methanol (MeOH) for 15 min. Fresh MeOH was used for each of the 
extraction. Extracts were filtered through a Buchner funnel to separate the mycelia and the filtrate. 
The MeOH filtrates were pooled and the solvent was evaporated using a rotary evaporator (Buchi). 
When dried, the mycelial extract weighed about 9 g. All materials were kept at -20 °C prior to the 
bioassays. A series of concentrations was prepared in 0.1% Tween 80 aqueous solution using the crude 
extract and untreated cell-free supernatant to determine the lethal concentration which kills 50% of 
the test subject population (LC50). Mortality was monitored after 24 h. The LC50 value was obtained 
from reverse log of the estimated value from the curve. Negative control was 0.1% Tween 80 
containing growth medium.  
3.2.3 Bioassays 
Aphid (Myzus persicae) and DBM caterpillar (Plutella xylostella) assays 
Please refer to the approach described in 2.2. 
Unfiltered supernatant and DBM (Plutella xylostella) 
All filtered supernatants (from 3.2.2) with 0.1% Tween 80 added were tested on ten first and second 
instar DBM caterpillars. Ten eggs and pupae in triplicate treatments were also immersed in the 
supernatants for 15 s and left to dry. Unfiltered supernatant (without mycelia obtained by passing the 
broth through cotton swab) to which 0.1% Tween 80 was added and tested on ten DBM caterpillars. 
The amount of blastospores present in the unfiltered material was counted using a haemocytometer 
(Hawksley: Improved Neubauer). Control was blank medium with 0.1% Tween 80 added. All 
treatments were in triplicates and the caterpillars were offered leaf discs of cabbage after treatment. 
The caterpillars were incubated at 22 °C, 80% humidity control and 16 h of light and 8 h of dark. They 
were observed for mortality and health over a period of two days.  
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Brine shrimp (Artemia salina) assay 
K4B3 culture was grown for seven days at Lincoln University as described in Chapter 2. Two ml samples 
were collected on a daily basis and stored at -20 °C. When all samples were available, they were 
thawed and centrifuged to separate the mycelia and supernatant at 4000 rpm for 15 min. The 
separated mycelial samples were then extracted with 1 ml MeOH by vigorously shaking the suspension 
for 10 min. They were then centrifuged at 4000 rpm for 10 min and the MeOH extract was retrieved 
and dried. The extracts were weighed and re-suspended in 0.5 ml saltwater added with 0.1% dimethyl 
sulfoxide (DMSO) (Hartl and Humpf, 2000; Molina-salinas and Said-Fernandez, 2006; Solis et al., 1993). 
One hundred µl aliquots of all daily mycelial suspensions and supernatants were added into wells of a 
96-well clear flat bottom polypropylene micro-titer plate with three replicates per sample.   
Brine shrimps, Artemia salina, (purchased from a Christchurch petshop) were hatched from eggs in 3% 
salt water within 24 h.  Ten newly hatched brine shrimps were placed in each well of a 96-well micro-
titer plate consisting of 100 µl of salt water mixed with 100 µl of the mycelial extract and supernatant. 
The shrimps were incubated at 22 °C in constant light. Mortality was observed after 1 h, 6 h, and 24 h. 
The negative control was sea water with 0.1% DMSO. The positive control was potassium dichromate  
K2Cr2O7 (0.4 mg ml-1 salt water) and pyrethrum (5 ml l-1) (Molina-salinas and Said-Fernandez, 2006). 
The concentration-response data was transformed into a straight line by means of logarithm 
transformation of the concentration and the LC50 was estimated. The actual value was then obtained 
by reverse log of the LC50 value estimated from the curve (Hartl and Humpf, 2000; Meyer et al., 1982). 
Mosquito larvae assay 
Mosquito larvae, Culex pervigilans, were collected from ponds in the Canterbury area (New Zealand) 
for bioassay. Five ml of the daily supernatant samples (filtered) from 2.1.2 were tested against ten 
larvae respectively in a 6-well flat bottom tissue culture plate. Six different concentrations of mycelial 
crude extract from 3.2.2 (in 5 ml 0.1% Tween 80 aqueous solution) were also tested. A series of 
supernatant from three-day-old culture (from 2.1.2) at 10, 30 and 50% concentration was also tested 
directly. The larvae were incubated at 22 °C in the dark. Ten larvae placed in each well were monitored 
for mortality after 24 and 48 h.   
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Thrips assay 
Nymphs of thrips, Frankliniella occidentalis, were collected from a cabbage nursery at Lincoln 
University. Ten nymphs were sprayed with K4B3 material from 3.2.2 using the same approach as 
described in 2.2 for aphid assay. The nymphs were incubated at 22 °C, 80% humidity control and 16 h 
of light and 8 h of dark. The nymphs were monitored for mortality after 24 h. 
Anti-feedant assay 
Eggs of armyworm, Spodoptera litura, were obtained from the New Zealand Institute for Plant & Food 
Research Limited in Auckland. Immediately following hatching, the neonate first instar larvae were 
used. Three sets of freeze dried supernatant material (from 3.2.2) weighing 0.3, 3 and 30 mg, 
respectively, were mixed into 300 mg portions of noctuid wheat germ based diet. The artificial diet 
was offered to ten Spodoptera litura first instar larvae. The larvae were incubated at 22 °C, 80% 
humidity control and 16 h of light and 8 h of dark. Mortality was recorded after 24 and 48 h. 
Disc diffusion assay  
Centrifuged supernatant samples collected over a duration of seven days (see 3.2.2) were used to test 
against several bacteria and fungal species. Fifty µl of the supernatant was applied onto a paper disc 
(8 mm diameter Advantec) and dried. The paper disc was placed on agar which was then plated with 
the test microbes and left overnight at 25 °C. The size of the clear halo around the paper disc was 
measured.  Cycloheximide (1 mg ml-1, Sigma-Aldrich) and chloramphenicol (0.1 mg ml-1, Sigma-Aldrich) 
were used as positive controls. Plugs of mycelia from fungi to be tested were placed adjacent to the 
paper discs treated with crude supernatant on PDA plates and observed for inhibition zones. The radius 
of the inhibition zones were measured using a ruler. Freeze-dried supernatant materials (from 3.2.2) 
at 100,000 ppm and MeOH extracts of K4B3 mycelium at 50,000 ppm were tested as well for 
antimicrobial activities.  
3.2.4 Results 
Aphids (Myzus persicae) 
Preliminary observation showed that 1 mg of crude mycelial extract re-dissolved in 1 ml water killed 
on average 85-100% of aphids. Based on the mortality results of 24 h after treatment with a series of 
mycelium crude extract concentrations at 1, 0.5, 0.1, 0.05 and 0.010 mg ml-1 water, a good correlation 
(concentration dependent, R2=0.82) was established. The LC50 of mycelium crude extract on green 
peach aphids was estimated at 0.49 mg ml-1 (Figure 3.1).  
One ml of a four-day-old cell-free supernatant containing 0.1% Tween 80 killed all of the aphids (Figure 
3.2). When diluted by half, the insecticidal activity was still over 50% mortality. Blank medium without 
K4B3 culture did not kill aphids. 
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Figure 3.1. Mortality of aphids Myzus persicae 24 h after treatment with different concentrations of 
K4B3 mycelial crude extract. Values are mean ± standard deviations. 
 
Figure 3.2. Mortality of aphids Myzus persicae 24 h after treatment with different concentrations of 
cell-free supernatant. Values are mean ± standard deviations. 
Diamondback moth caterpillars (Plutella xylostella) 
Preliminary observation showed 25 mg of crude mycelial extract re-dissolved in 1 ml water killed on 
average 96% of the DBM caterpillars. Based on a series of mycelium crude extract concentrations at 
30, 25, 18, 12, 5, and 6.25 mg ml-1 water, a mortality correlation (concentration dependent) was 
established. The LC50 of mycelium crude extract on DBM caterpillars was estimated at 15.2 mg ml-1 
after 24 h (Figure 3.3).  
No caterpillars died after 24 h treatment with cell-free supernatant of K4B3. The leaf discs dipped in 
the supernatants were consumed and the caterpillars grew normally. 
2.693 
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Figure 3.3. Mortality of DBM caterpillars Plutella xylostella 24 h after treatment with different 
concentrations of mycelial crude extract. Values are mean ± standard deviations. 
Unfiltered supernatant and diamondback moth caterpillars 
Like the preliminary assay on DBM caterpillars using cell-free supernatant of a four-day-old K4B3 
culture, the filtered supernatants of all seven days showed no differences on the DBM caterpillars 
when compared to the control. Topical application of the supernatant had no effects on eggs or pupae 
of DBM. All ten eggs and pupae in triplicate treatments hatched and emerged as caterpillars and adult 
moths. The caterpillars were unaffected by ingestion of the treated leaf discs. They grew in size and 
consumed the leaf discs similar to the caterpillars in the control which were given untreated leaf discs. 
DBM caterpillars were observed dying when they were treated with unfiltered three-day-old 
supernatants with an average blastospore count of 8.6 x 107 ml-1. Over 50% of the population treated 
with unfiltered supernatant died by 48 h after treatment (Figure 3.4). No fungus grew on the cadavers. 
Instead, a majority of the cadavers appeared slightly reddish (Figure 3.5). Some of the caterpillars died 
during feeding (Figure 3.6). In a repeat experiment using a different batch of unfiltered three-day-old 
supernatants with an average blastospore count of 1 x 109 ml-1, all 25 DBM caterpillars died by 48 h 
(with no fungus growing on them). 
Overall, the leaf damage was the highest when caterpillars were treated with blank medium. 
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Figure 3.4. Mortality of DBM caterpillars Plutella xylostella after 48 h treatment using filtered and 
unfiltered supernatant of a three-day-old K4B3 culture. Blank medium=Medium without inoculum.   
 
Figure 3.5. A slightly red Plutella xylostella cadaver after 48 h treatment using unfiltered supernatant.  
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Figure 3.6. A DBM caterpillar Plutella xylostella which ceased feeding and died after 48 h treatment 
with unfiltered supernatant. 
Brine shrimp (Artemia salina) 
Low mortality of brine shrimps was observed after 1 h in wells treated with mycelial extracts that were 
derived from the first four days of culturing (Figure 3.7). After 5 h, all shrimps in wells treated with 
mycelial extract of a three-day-old culture died. Shrimps in the negative control wells were swimming 
freely, moving in circles. Over 50% of the shrimp population in wells treated with mycelial extracts of 
two-, four- and five-day-old culture died after 5 h. After 24 h, all shrimps were dead. In the positive 
control wells, pyrethrum killed all the shrimps after 1 h. Shrimps in the negative control were 
unaffected and increased in size. 
After 1 h, the highest mortality (over 50%) was observed in brine shrimps treated with cell-free 
supernatants from two-, three- and four-day-old cultures. After 5 h, they were all dead. Shrimps 
treated with supernatants from five-, six- and seven-day-old cultures were dying after 5 h. After 24 h, 
all the shrimps died in all treatments (Figure 3.8). Pyrethrum in the positive control killed all shrimps 
after 1 h. Shrimps in the negative control were unaffected and increased in size. 
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Figure 3.7. Mortality of brine shrimps Artemia salina at 1, 5 and 24 h after treatment with mycelial 
extracts derived from seven, daily samples of K4B3 culture. Values are mean ± standard deviations. 
N=10 for each treatment. Blank=negative control.  
 
Figure 3.8. Mortality of brine shrimps Artemia salina at 1, 5 and 24 h after treatment with cell-free 
supernatants from seven, daily samples of K4B3 culture. Values are mean ± standard deviations. 
N=10 for each treatment. Blank=negative control.  
Lethal concentration median (LC50) of a three-day-old K4B3 culture to brine shrimp 
A three-day-old culture was therefore used to evaluate the LC50 of the mycelial extract and the 
supernatant.  The LC50 of the mycelial extract at 24 h was estimated at 12,972 ppm (12.8 mg ml-1) 
(Figure 3.9). The estimated LC50 value of the supernatant on the shrimps was 27.3% of the supernatant 
in the solution (Figure 3.10). 
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The LC50 of potassium dichromate was estimated at 31.69 ppm (31 µg ml-1) at 24 h (Figure 3.11). 
Relatively, mycelium crude extract was approximately 400 times less toxic to brine shrimps than 
potassium dichromate at the same LC50. 
 
Figure 3.9. Dose response of brine shrimps Artemia salina to mycelial crude extracts of K4B3 after 24 
h. Values are mean ± standard deviations. N=10 for each treatment.  
 
Figure 3.10. Dose response of brine shrimps Artemia salina to different concentration of supernatant 
from a three-day-old K4B3 culture after 24 h. Values are mean. N=10 for each treatment. 
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Figure 3.11. Dose response of brine shrimps Artemia salina to potassium dichromate after 24 h. 
Values are mean ± standard deviations. N=10 for each treatment.  
Mosquito larvae (Culex pervigilans) 
In a preliminary trial using mixed age larvae of field collected Culex pervigilans, undiluted daily 
supernatants from three- to seven-day-old K4B3 cultures killed over 50% larvae after 24 h (Figure 3.12). 
A series of supernatants from a three-day-old culture at 10, 30 and 50% concentration showed almost 
dosage-dependent mortality (Figure 3.13) at 48 h. At 24 h, only a solution with 50% supernatant 
showed on average 70% mortality. The LC50 of mycelial extract was estimated at 3.0 mg ml-1 at 24 h 
(Figure 3.14). The appearance of cadavers after treatment with mycelial extract included shrinking of 
the internal organs of some cadavers, revealing a transparent cuticle membrane (Figure 3.15). Some 
cadavers had excreated their guts (Figure 3.16). All ten larvae in the control were alive. 
 
Figure 3.12. Mortality of mosquito larvae Culex pervigilans 24 h after treatment with undiluted 
supernatant of daily samples from shake flasks. N=10 for each treatment. 
1.501 
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Figure 3.13. Mortality of mosquito larvae Culex pervigilans 48 h after treatment with different 
concentrations of cell-free supernatant of a three-day-old K4B3 culture. Bars are standard deviations. 
N=10 for each treatment. 
 
Figure 3.14. Mortality of mosquito larvae Culex pervigilans 24 h after treatment with different 
concentration of mycelial crude extract. Values are mean ± standard deviations. N=10 for each 
treatment.  
 
Figure 3.15. Cadavers of K4B3-treated Culex pervigilans larvae. Note the interior segments shrunk 
inwards revealing a transparent layer of cuticle.  
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Figure 3.16. Cadavers of K4B3-treated Culex pervigilans larvae. Note the gut excreted (arrow), long 
neck, soft bodied and discolouration.  
Thrips (Frankliniella occidentalis) 
In a preliminary trial, the mycelial extract provided a LC50 approximately 13,333 ppm on nymphs of 
thrips after 24 h (Figure 3.17). A minimum of 20 mg ml-1 (20,000 ppm) killed an average of 90% of the 
population. No mortality was observed in the control.  
Undiluted and diluted supernatant had no effect on thrips. Freeze dried supernatant prepared at 100 
mg ml-1 concentration when sprayed at the insects resulted in no mortality. Thrips were motionless 
immediately after spraying but no mortality was detected after 24 h.   
  
Figure 3.17. Dose response of thrips Frankliniella occidentalis nymphs to mycelial extract of K4B3 
after 24 h. Values are mean ± standard deviations. N=10 for each treatment.  
Armyworm (Spodoptera litura) 
The larvae were feeding on the supernatant treated diet. No double heads nor precocious moults were 
observed. Diet treated with supernatant from a three-day-old K4B3 culture did not kill the larvae. 
However, freeze dried supernatant material of the same day (30 mg added into 300 mg artificial diet) 
killed over 50% of the test subjects after 24 h. Ingestion of the test material could be assumed because 
the first instars had increased in size although no sign of moulting (e.g. shed headcapsules) was 
observed. Larval sizes remained small compared to larvae that fed on diet with lower or zero 
4.056 
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concentration of freeze dried supernatant materials. The duration of larval development was inhibited. 
All larvae that fed on high concentration of the added freeze dried supernatant material turned black 
and died after 48 h. The drenching method was not possible with S. litura larvae as high mortality was 
observed in the control.  
Plant and human pathogens 
Unconcentrated supernatants sampled daily from K4B3 cultures over seven days showed no inhibition 
against all microbes. When freeze dried and tested at 100 mg ml-1 (100,000 ppm), the bioactivities 
were observed against representatives from each group; Rhizotonia solani (fungi), Bacillus subtilis 
(Figure 3.18) (Gram-positive bacteria) and Pseudomonas aeruginosa (Gram-negative bacteria) (Table 
3.1). The mycelial extract of K4B3 at 50 mg ml-1 (50,000 ppm) demonstrated strong inhibition against 
R. solani, B. subtilis and Salmonella typhi (Table 3.1).  
Table 3.1. Antifungal and antibacterial activity of (1) mycelial extract of a three-day-old culture (50 mg 
ml-1) (2) cell-free supernatants (seven days respectively) from a K4B3 culture (3) freeze dried cell-free 
supernatant of a three-day-old culture at 100 mg ml-1 in comparison with chloramphenicol (100 ppm) 
and cycloheximide (1000 ppm) against phytopathogenic fungi and bacteria (paper disc assay). 
Species * 
Diameter of the inhibition zone (mm) a 
1 2 3 Control positive 
Fungi       Cycloheximide  
Botrytris sp 0 0 NA + 
Camelia sp 0 0 NA + 
Fusarium oxysporum sp 0 0 0 + 
Gaemannomyces geminis  0 0 + + 
Rhizoctonia solani +++ 0 +++ - 
Sclerotia sp 0 0 + + 
Gram-positive bacteria       Chloramphenicol 
Bacillus subtilis  ++ 0 +++ +++ 
Listeria monocytogenes NA 0 +++ ++ 
Gram-negative bacteria       Chloramphenicol 
Erwinia sp NA 0 NA + 
Escherichia coli NA 0 NA ++ 
Pseudomonas aeruginosa NA 0 ++ 0 
Salmonella typhi ++ 0 +++ ++ 
Xanthomonas campestris NA 0 NA 0 
* Plant pathogens from the collection of Lincoln University Plant Pathogen Department.  
Activity is classified as 0: no effect; +: weakly fungistatic and bacteriostatic (reduced density of 
microbial growth and clear zones of inhibition measuring 8.0 to 8.5 mm in diameter ); ++: Fungistatic 
and bacteriostatic (average clear zones of inhibition measuring from 8.5 to 15 mm in diameter), 
+++: Fungicidal and bacteriocidal (strong inhibition clear zones measuring over 15 mm in diameter). 
NA: Not attempted. 
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Figure 3.18. An example of disc diffusion plates and clear halo, zone of inhibition by the treated paper 
disc against Bacillus subtilis (BS) after 24 h. The diameter across the halo was measured.  
3.3 Production of insecticidal compounds during growth of K4B3  
3.3.1 Background 
A study to compare the bioactivity of daily samples from shake flasks and a 180 l fermenter over a 
period of ten days was carried out. The goal was to determine the optimum day of insecticidal 
metabolite production for harvest as well as developing the bioassay procedures using aphids and 
DBM caterpillars.  
3.3.2 Materials and methods 
Aliquots from broth cultures of flasks (batch SF032) and fermenter (Ferm013) were sampled every 24 
h over ten days from inoculation. The propriety ingredients and culture parameters were as listed in 
Appendix A.1. The whole mycelia and supernatant of the samples (approximately 16 g) were freeze 
dried and pulverised into an average 1.5 g of fine powder. The powder was treated with 10 ml 
methanol (MeOH) and sonicated for 5 min.  The solution was centrifuged at 3000 rpm for 10 min and 
the methanol was decanted. The decanted methanol was evaporated under a stream of N2 and a 
viscous oily substance of 0.7-0.75 g was retrieved. The substance was re-dissolved in 1.2 ml water 
(crude extract) and tested for insecticidal activities at full strength and five-fold dilution. The solutions 
were tested on aphids and DBM caterpillars as described in 2.2. Mortality of the insects was observed 
after 24 h.  
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3.3.3 Results 
Aphids 
In general, strong aphicidal activities were observed from crude extracts from both shake flasks and 
fermenter within 24 h. Two phenotypes of cadavers were observed; cadavers which were ‘desiccated’ 
and ‘pressed’ (Figure 3.19b) and cadavers which remained ‘succulent’ with their legs stretched 
outward and their mouthparts still attached inside the cabbage leaf (Figure 3.20). Some cadavers were 
brown in colour. All pyrethrum treated aphids died and the cadavers were ‘succulent’ in appearance. 
The survival rates of aphids in negative controls were very high and these aphids were reproducing.  
All fermenter-grown daily samples when applied in full strength killed over 50% of the aphid population 
on average except sample from the first day (Figure 3.21). At five-fold dilution, the highest mortality 
was from treatment using the fourth day sample. The mortality decreased when using the seventh day 
sample but was higher using the eighth day sample.  After the eighth day, the insecticidal metabolite 
production decreased. White fungi were observed covering the agar on aphid containing plates after 
48 h. Aphids that survived did not stay on the leaves and were attempting to escape. Most aphids 
treated with the first five day samples appeared flattened and pressed (Figure 3.19b). All cadavers in 
treatments using the tenth day samples appeared succulent (Figure 3.19c). A mixed of pressed and 
succulent cadavers were observed treatments using samples from the sixth to ninth day. 
Over 50% of aphids were killed using full strength shake flasks samples from the first to the fourth day. 
The cadavers were mostly flattened in treatments using the second day sample at full strength. Only 
aphids treated with the ninth day samples resulted in succulent cadavers. The treatments using the 
third to eighth day samples showed a mixture of flattened and succulent cadavers. In treatments using 
the first three days sample, an oily layer covering the aphids and leaves was observed. Cabbage leaves 
in some treatments appeared wilted and slightly damaged (Figure 3.19d). The mortality was the 
strongest in treatments using the fifth and sixth day samples, based on the five-fold dilution bioassay.
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Figure 3.19. Appearance of aphids after treatment with K4B3 sample extracts. (a) Healthy aphids 
before treatment, (b) Flattened and pressed cadavers, (c) Succulent cadavers, (d) Dry and slightly 
damaged leaf. 
 
Figure 3.20. Succulent-type cadaver with stylet (inlet on the right) still embedded inside the leaf, circled 
in red.  
d 
d 
a b 
c 
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Figure 3.21. Mortality of aphids Myzus persicae 24 h after treatment with crude extracts of daily 
samples from shake flask (batch SF032) and fermenter (batch Ferm013) at (a) full strength and (b) five-
fold dilution. Values are mean ± standard deviations. N=30 for each treatment.  
Diamondback moth (DBM) caterpillars 
The third day fermenter crude extract killed the highest quantity of DBM caterpillarsafter 48 h 
treatment (Figure 3.22). Over 50% of the cadavers killed by the second and third day extracts had two 
opportunistic fungi growing on them (Figure 3.23e). Some larvae were not feeding, although still alive. 
No fungus was growing on the larvae treated with extract from the first day. The sixth day extract 
treatment did not stop the larvae from feeding. DBM caterpillars treated with crude extracts from the 
seventh, ninth and tenth day did not feed.  
The crude extract from shake flask at zero h sample, essentially an extracted negative control, had no 
killing effect on DBM caterpillars. The extract from the first day sample killed DBM caterpillars, with 
mortality increasing from treatments using extracts from the third, fourth and fifth day samples (Figure 
3.22). The cadavers appeared flaccid and oily (Figure 3.23a). Some larvae died in their cocoon (Figure 
3.23c). Melanisation (discoloration) was observed on some cadavers (Figure 3.23f). 
a 
b 
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Figure 3.22.  Mortality of DBM caterpillars Plutella xylostella 48 h after treatment with crude extracts 
of daily samples from shake flask (SF033) and fermenter (Ferm013) at full strength. Values are mean 
± standard deviations. N=10 for each treatment.  
 
 
 
 
 
 
  
Figure 3.23. DBM caterpillars after treatment with K4B3 crude extracts. (a) Soft and flaccid (b) 
Control larvae devoured leaf material (c) Larvae died in cocoon (d) Fungus growing on the living 
larvae by 48h (e) Fungus growing on dead larva (f) Melanisation (discoloration) observed on larva.  
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3.4 Discussion 
In this chapter, initial screening of K4B3 extracts from the mycelia and supernatant was reported 
against a range of arthropods and microbes. In addition, the development of rapid bioassay systems 
against aphids and DBM caterpillars were reported and used to determine toxicity of K4B3 cultures 
over time. 
The results clearly showed that the mycelial extract and supernatant of K4B3 contain contact toxic 
compounds against soft-bodied insects and have antifeedant, larvicidal and mild antimicrobial activity. 
The toxicity effect of mycelial extracts to aquatic organisms was slower compared to the toxicity effects 
of supernatant. Two-, three- and four-day-old supernatants possess the same biocidal efficacy as 
insecticidal pyrethrum against brine shrimp, within an hour of exposure. Unfiltered supernatant of 
K4B3 broth caused relatively rapid mortality of DBM caterpillars within 48 h. 
The cadavers of aphids were often ‘desiccated’ and ‘pressed’ with outstretched legs and stylets still 
embedded in the leaves 24 h after treatment. Aphids ingest phloem content. The fact that their stylets 
were still embedded in the leaves indicated they died quickly when in contact with the treatment 
solutions, had not the time even to retrieve their stylets from the leaves and escaped to safety. Their 
normal neurotransmission could have been disrupted immediately resulting in paralysis and death akin 
to symptoms from insecticide exposure (Coats, 1982; Heong, 2011). The toxin(s) could have readily 
permeated the insect cuticle thus killing the aphids. The insects did not appear to have ingested the 
toxins, given the rapid mortality and method of feeding. Their badly damaged cadavers further 
suggested the kill was through contact and not ingestion (via systemic effect through leaf phloem 
content).  
The preliminary time course study using extracts derived from whole broth culture of K4B3 from 
fermenter and shake flasks showed strong aphidicidal activity when tested in full strength extract 
(approximately 13 times the initial concentration) and two-fold dilution (6.5 times the initial 
concentration). The high mortality data however failed to provide information on the optimum day of 
harvest (when maximum amount of insecticidal metabolites was produced). Only treatments at five-
fold dilution (2.5 times the initial concentration) demonstrated bioactivity differences between the 
different days. At this dilution, the highest production of the insecticidal metabolite(s) was observed 
during the first five days of the fermentation run (in shake flask and fermenter) which probably was 
during the growing phase of the fungus. Lower insecticidal activities were observed using extracts 
derived from samples obtained towards the end of the fermentation (which could be the lag phase or 
the stationary phase of the fungus). The production window of insecticidal metabolite(s) of interest 
therefore could be associated with the growth phase. This is most peculiar as most secondary 
metabolites are normally produced during the lag or stationary phase (Madigan et al., 2010). The 
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optimum day to harvest the culture from the fermenter would therefore be after four days and after 
five or six days from shake flasks (at 150 rpm shake speed). The reduction in bioactivity of the seventh 
day product from fermenter could be due to the insecticidal metabolites being degraded (supported 
by the decrease in activity after the fourth day) or the production of another group of insecticidal 
metabolite(s) which was suggested by the increase of bioactivity on the eighth day.  
It is unclear if the activity seen from both the mycelia and supernatant is based on the same 
metabolite(s). When mycelial extract and supernatant were tested separately, both clearly exhibited 
contact insecticidal activities towards M. persicae although the pathology of cadavers differed.  
Mycelial extracts of Lecanicillium lecanii and B. bassiana were also deleterious to another aphid, Aphis 
gossypii (Gurulingappa et al., 2010).  Known metabolites of B. bassiana such as beauvericin and 
bassianolide were mostly obtained from the mycelia (Gupta et al., 1995; Kanaoka et al., 1978; Logrieco 
et al., 1998; Suzuki et al., 1977). Yet these known metabolites were not reported to have contact 
insecticidal activities and were reported insecticidal mostly after injection into insects (Roberts, 1992; 
Schrank and Vainstein, 2010; Sussmuth et al., 2011; Vey et al., 2001; Xu et al., 2008).  
Aphids unaffected in the treatments would continue ‘sucking’ sap from the leaves after 24 h (as in the 
negative control). They would only ‘move’ when prodded on the legs by an external stimulus. In some 
treatments, however the aphids moved off the leaves. These treatments did not necessarily result in 
mortality but appeared to be repelling the aphids. The repellent effect was stronger than the attractant 
effect of the leaves. The contact chemoperception demonstrated by the insects to move away from 
the sprayed area could mean a reception of a chemical toxin so potent as to prelude a behavioural or 
physiological response would mean death (Ryan, 2002) at higher concentration or perhaps prolonged 
exposure to the chemical.  
DBM caterpillars were killed by mycelial extract via contact but not by all the filtered supernatants of 
seven days via contact nor ingestion within 24 h of treatment. Cell-free filtered supernatants were not 
effective in killing DBM caterpillars when topically applied to all immature stages of DBM (eggs, larvae 
and pupae). The low insecticidal activity could have been due to the concentration or the inability of 
the metabolites to cross eggshell, larval cuticle or cocoon membrane. The low mortality via ingestion 
of the treated leaf discs also suggested the larvae would be able to detoxify the insecticidal metabolites 
in the supernatant or perhaps it was due to the concentration issue. Methanol extracts of Cordyceps 
militaris (Ascomycotina: Vlavicipitaceae) at 500 mg l-1 (500 ppm) showed that the active ingredient, 
Cordycepin, killed DBM caterpillars via ingestion and not topically (Kim et al., 2002). The larvae showed 
body colour change and lethal effect from accumulated toxin after three days. A higher concentration 
of K4B3 supernatant on the leaf discs and continuous feeding of the toxin over five days may cause 
mortality of DBM caterpillars similar to the accumulated toxic Cordycepin, but this was not tested. This 
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would be interesting to explore but as the mycelial extract of K4B3 was capable of killing DBM 
caterpillars via contact and within 24 h, any supernatant-based effects were of lower priority and not 
pursued. Unfiltered supernatant, however, stopped the larvae from feeding and K4B3 grew inside the 
larvae and killed them by 48 h. Unfiltered supernatant contained blastospores and mycelium that bind 
strongly to cuticle of insects (Holder et al., 2007) allowing the development of K4B3 infection that killed 
the insects from within, via its natural course. The reddish colour change of the cadavers is likely due 
to the production of oosporein, which is a red pigment. In a study on blastospores to control DBM 
caterpillars, a strain of B. bassiana at 1 x 108 blastospores killed 50% third-instar larvae, five days after 
application (Chong-Rodríguez et al., 2013). Apparently blastospores of K4B3 showed faster insecticidal 
activity (via infection) on DBM caterpillars in less than 48 h. 
Brine shrimps were more sensitive to supernatant of K4B3 than to mycelial extract within the first h. 
Fast and high mortality was observed using cell-free supernatants of two- to four-day-old cultures. The 
speed of kill, within 1 h, suggested the presence of one or more highly toxic substances with equivalent 
strength as pyrethrum. Residuals of pyrethrum from 0.17-0.33 ppm killed 53-83% shrimps in 30 min 
(Stevenson, 1961). As the toxicity was found in the supernatant, the compounds responsible were 
exported out of the mycelia during growth. The mortality pattern of the brine shrimps in the first h 
correlated with the growth pattern of the fungus and the mortality pattern of aphids using 
supernatants from a time course study of seven days. The mycelial extract did not kill shrimps as quickly 
as the supernatants. When the mycelial extract was tested at different concentrations, the bioactivity 
was dose-dependent. The crude mycelial extracts were likely to contain beauvericin which would have 
an effect on the shrimps as mortality of brine shrimps was reported to correlate significantly with 
beauvericin content (Moretti, 2007). Like brine shrimps, the mosquito larvae Culex could be affected 
in the presence of beauvericin in the mycelial extract as beauvericin was reported to be more active 
against mosquito larvae (Grove and Pople, 1980). The presence of beauvericin in K4B3 mycelial extract 
was explored and reported in Chapter 4. Mycelial extracts from a B. bassiana cultured in pupae extracts 
and root exudates had no beauvericin in a metabolomics study (Luo et al., 2015). Beauveria 
brongniartii was reported to produce mainly oosporein and no other metabolites (bassianin, 
beauvericin and tenellin) normally produced by Beauveria species (Strasser et al., 2000b). Supernatant 
of K4B3 was red in colour indicating the possibility of oosporein production. The identity of the 
insecticidal metabolites was further explored in Chapter 4 and 5. 
The armyworm, Spodoptera litura, assay showed that diet supplemented with high concentrations of 
freeze dried supernatant material inhibited the insect to feed. The insect rather starved or became 
dehydrated than to feed further. The crude soluble protein extracts of a B. bassiana isolate added into 
artificial diet of Spodoptera littoralis brought about significant mortalities (Quesada-Moraga et al., 
2006). Delayed development, lower weights and high mortality of corn earworm Helicoverpa zea 
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larvae, were recorded when fed on diets containing mycelia and spent culture of B. bassiana (Leckie 
et al., 2008). In the current study, there were no double heads nor abnormal growth in the feeding 
Spodoptera larvae for all treatments. This indicated K4B3 material has no insect growth regulatory 
effect. Insecticidal metabolites that target the gastro system of the insect could be different from the 
contact poison. It would have to be able to withstand enzymatic degradation in the gut and 
haemolymph of the insect (Geary and Maule, 2011). Fungal and plant lectins gained much attention 
for their potential to act as stomach poisons impeding growth, fitness and fecundity of pest insects 
(Binns, 1980; Jaber et al., 2007).   
Of all the tested organisms based on LC50, aphids, the mosquito Culex larvae and brine shrimps were 
the most susceptible towards both the mycelial extract and supernatant of K4B3 via contact within 24 
h (Table 3.2). Thrips and DBM caterpillars were unaffected via contact when treated with supernatant 
of K4B3. This suggested that aphids, mosquito larvae and brine shrimps were suitable candidates in 
bioassay to determine the identity of some bioactive metabolite(s). Mosquito larvae are, however, not 
in abundance all year round and not easy to maintain.  
Table 3.2. Susceptibility of organisms towards mycelial extract and supernatant within 24 h. 
Organism Mycelial extract LC50 
(estimated mg ml-1) 
Supernatant (50% dilution) 
Mortality 
Aphids 0.5 70% 
Mosquito larvae 3.0 70% 
Thrips 11.4 Not affected 
Brine shrimps 12.8 100% 
Diamondback moth larvae 15.2 Not affected 
 
Brine shrimp assays are often used to identify and purify insecticidal metabolites (Xiong et al., 2004). 
In addition to unveiling the presence of a toxic component that would act with similar speed as 
pyrethrum in this study, this bioassay had also revealed the toxicity of the material from K4B3 
mycelium crude extract was 400 times less toxic than the conventional potassium dichromate (based 
on the estimated LC50 obtained). The LC50 of potassium dichromate standard was estimated at 31 µg 
ml-1.  This value was in the range of LC50 reported (0.067-59.9 μg ml-1) for chromium in aquatic 
organisms (WHO, 1988). In another crustacean Mysidopsis bahia, the LC50 of a mycelial extract of 
another B. bassiana isolate was recorded at 0.0842 µg ml-1 (Genthner et al., 1994). This isolate was 
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producing toxic metabolites with similar biocidal strength to potassium dichromate. The mycelial 
extract of K4B3 was not tested against Mysidopsis bahia, but the toxicity in comparison to potassium 
dichromate suggests it would probably not have the same biocidal effect on Mysidopsis bahia. 
All daily supernatant samples of K4B3 had no strong antimicrobial activity. When the supernatant was 
freeze dried and tested against the microbes, antimicrobial activity was demonstrated. The 
concentration of the antimicrobial properties could be low in the supernatant. In general B. bassiana 
produces metabolites with some antimicrobial activities (Ownley et al., 2008b). Beauvericin 
moderately impedes the growth of filamentous fungi and Gram-positive bacteria (Xu et al., 2007). 
Oosporein has antibiotic activity against Gram-positive bacteria. Bassianolide, a toxic peptide, however 
showed no toxicity against bacteria such as Staphylococcus aureus ATCC 29213, Bacillus subtilis ATCC 
6633, Escherichia coli ACTT 25922 and Pseudomonas aeruginosa ATCC 27853 (Jirakkakul et al., 2008). 
Mycelial extract of K4B3 inhibited Rhizotonia solani effectively. Previously damping off caused by R. 
solani was significantly reduced by conidial seed treatments of B. bassiana (Ownley et al., 2008a). None 
of the other phytopathogenic fungi were inhibited by the mycelial extract. K4B3 mycelial extract also 
inhibited the Gram-negative bacterium Salmonella typhi. The deleterious effect observed of K4B3 
material had on the tested bacteria could also be attributed to the production of organic acids. Organic 
acids have been utilized for many years for decontamination of beef, pork and poultry products from 
several bacteria including Salmonella (Mani-López et al., 2012). 
Based on the outcomes of this chapter, further bioassay guided approaches were developed to 
determine the insecticidal and other toxic components of K4B3, from mycelial extracts and 
supernatant respectively.  
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Chapter 4 
Insecticidal metabolites from mycelial extracts of K4B3 
4.1 Introduction 
A single mycelial cell contains all the genetic material to build itself in mass, absorb nutrient and 
produce primary and secondary metabolites. The pre-sporulating mycelium form of B. bassiana was 
found to be highly attractive to insects (Stamets, 2011) and could be predated on by predators such as 
mites Neoseiulus (Amblyseius) barkeri (Wu et al., 2014) and amoeba (Bidochka et al., 2010). When 
growing inside an insect, it has to compete against other microbes and viruses for space and resources, 
and withstand and disrupt the immune systems of its host. A plethora of fungal metabolites are 
therefore produced in the nutrient rich haemolymph of the host and released by the hypha (mycelium 
form) for defence and kill other organisms. The exact stage that the insecticidal metabolites are 
produced by a growing fungus inside its host is still unknown. Given B. bassiana is capable of infecting 
a broad range of hosts, the mycelia would need to produce a diversity of metabolites or a group of 
metabolites that would play many roles to warrant its virulence and success as the dominant pathogen 
(Strasser et al., 2000a).  It would also need to retain or be constantly producing the crucial insecticidal 
metabolites to export into its surrounding. In most cases, only metabolites that are toxic and of 
secondary importance to the cells are exported out into the supernatant.  
There are different ways to release metabolites from mycelium of entomopathogenic fungi (Xu et al., 
2010) (Hanson, 2008; Xu et al., 2010). Some researchers have used solvents to extract metabolites 
from the whole culture of the fungus after fermentation performed on grains and other solid 
substrates (Xu et al., 2011). Cordyceps in traditional Chinese medicine is boiled in water like herbal 
plants to extract compounds with bioactive properties (Koo et al., 2003). Other approaches include 
utilising supercritical fluid extraction with carbon dioxide (SFE-CO2), conventional organic solvent 
extraction, immersion in hot water, or alcohol in ambient temperature (Xu et al., 2011). The 
physiochemical properties of the target metabolites, such as volatility, thermal stability, 
hydrophobicity, and complexity need to be taken into consideration in order to choose the best 
approach for extracting mycelium. In most studies on extracting from the mycelium of B. bassiana, 
nonpolar (hydrophobic) metabolites were mostly targeted using conventional organic solvent 
extraction (Roberts, 1992; Supothina et al., 2011; Xu et al., 2009a; Xu et al., 2009b). This extraction 
method was more effective than that of supercritical-fluid carbon dioxide alone. Subsequently, various 
chromatographic techniques are then used to isolate compounds of interest from the crude extract 
(Xu et al., 2011). The work in this chapter seeks to extract, separate and identify contact insecticidal 
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metabolites derived from mycelial crude extract via organic solvent extraction, chromatographic 
separation and identification via Mass Spectrometry (MS).  
4.2 Purification and identification of bioactive metabolites from mycelia 
4.2.1 Background 
In the previous chapter, broth containing both mycelia and supernatant was extracted with MeOH. 
Preliminary bioassays showed bioactivity in the extracts of broth produced from fermenter and shake 
flasks. A time course study indicated that even extract from a one-day-old culture could kill insects. 
Preliminary treatments using extract from separated mycelium and non-treated supernatant 
supported the findings that both the mycelia and supernatant contained insecticidal compounds. The 
MeOH extract from mycelia alone killed aphids effectively at 1000 ppm.  
The secondary metabolites produced by B. bassiana are mostly hydrophobic and can be separated 
based on their chemical polarity and affinity (Gupta et al., 1995; Kanaoka et al., 1978; Mazet et al., 
1994). Eluting metabolites adsorbed onto a stationary phase using a gradient polar mobile phase elutes 
all compounds based on their polarity. In normal phase chromatography, nonpolar metabolites will be 
eluted from the stationary phase first. Only if a more polar mobile phase is used, the polar metabolites 
will be eluted together with the polar mobile phase. The approach taken in this study was to bioassay 
all collected fractions in order to identify the insecticidal fractions.  
These fractions containing the semi pure metabolites were further separated and purified based on 
their polarity by reverse phase chromatography using a HPLC with a DAD detector. Contrary to normal 
phase chromatography, in reverse phase chromatography the polar metabolites will elute before the 
nonpolar metabolites. HPLC separates the compounds which can be visualised on the computer screen 
with the UV-detectable metabolites showing as peaks. Fine tuning the system enables each metabolite 
to elute as a single well separated peak that can be identified by its retention time and characteristic 
UV pattern. An automated HPLC fraction collector allows the collection of pure compounds for further 
metabolite identification using e.g. mass spectrometry (MS). This method delivers specific 
fragmentation patterns of the analysed compound and information about its molecular weight which 
can help in metabolite identification. This section reports on retrieving insecticidal metabolites from 
the mycelial extract based on their polarity and affinity towards water. 
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4.2.2 Materials and Methods 
Materials and methods were as described in 2.3 and as depicted in Figure 4.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. General flow of insecticidal metabolite extraction, separation, purification and 
identification.  
Pre-treatment of mycelia 
Freeze dried K4B3 mycelia (24 g) from a five-day-old shake flask culture with final pH 4 (Biotelliga 
supplied, Appendix A.1.2) were pulverized using a blender and extracted using 80 ml EA three times. 
The same mycelia pulp was re-extracted with an equal amount of MeOH in constant agitation in 250 
ml centrifuge bottle for 2 h. The mixture was centrifuged at 4000 rpm for 15 min and the solvents 
decanted. Both EA and MeOH extracts were dried in vacuo on a rotary evaporator (Buchi) at 40 °C. The 
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crude extracts were redissolved in MeOH and tested against aphids at a concentration of 1 mg ml-1 to 
check for activity. Control was blank MeOH.  
Solvent-solvent extraction of the crude extracts 
The dried crude extracts, EA and MeOH were combined and re-dissolved in 10 ml water for a 
preliminary test for any hydrophilic insecticidal metabolites in the crude extract. The solution was 
vigorously agitated for 10 min with an equal amount of EA (10 ml). The EA layer was removed from the 
top of the water layer using a Pasteur pipette and fresh EA was added to the solution. The solution 
was vigorously agitated and the extraction process was repeated three times. After EA was removed, 
10 ml of dichloromethane (DCM) was added to the solution and the same process was repeated for 
three times. EA, DCM and water extracts were dried. The extracts were re-suspended at 1 mg ml-1 in 
0.1% Tween 80 containing water and tested against aphids. 
Flash chromatography 
One ml of the mycelial EA crude extract was dried (less than 15 mg) and separated via flash 
chromatography using different ratios of hexane (Hex) and diethyl ether (Ether) (Figure 4.2). 
Approximately 1 g of silica gel (60-120 mesh) was inserted in a Pasteur pipette. Constituents were 
successively eluted with 3 ml of n-hexane, 10, 30 and 50% diethyl ether in n-hexane, diethyl ether and 
methanol, resulting in a total of six fractions. The toxicity of each fraction to aphids was assessed. The 
solvent system which provided the greatest mortality of aphids from flash chromatography was used 
to elute insecticidal metabolites from the mycelial extract using silica gel column chromatography.   
 
 
 
Figure 4.2. Flash chromatography sequence used for EA extracts began with non-polar solvents and 
ended with a polar solvent. Chromatography was conducted in a silica gel Pasteur pipette column 
flushed with 3 ml of successive solvents. Hex = hexane. Ether = diethyl ether.  
Non-polar Polar 
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Column chromatography  
A total of 30 g of silica gel Merck 60 (0.063-0.200 mm) in a 25 x 2.5 cm column was prepared in the 
slurry manner using hexane-diethyl ether in the ratio 7:3.  Approximately 840 mg crude mycelial 
extract was loaded onto 1 g of silica gel, dried and placed on top of the column. The extract was then 
eluted with isocratic hexane-diethyl ether 7:3. A total of 10 ml of eluents were collected, dried and 
bioassayed against aphids.    
HPLC and MS identification 
Bioactive fractions obtained from column chromatography were pooled and further fractionated using 
Agilent HPLC 1100 series equipped with a diode array detector (DAD), an automatic injector, an auto 
sampler, a G1364A fraction collector and a Phenomenex RPC18 column, 150 x 4.6 mm. A semi-prep 
RPC18 column, 250 x 10 mm was used to fractionate larger samples and collect purified compounds 
for further chemical analysis and bioassays.  
The binary elution gradient consisted of deionised water (solvent A) and acetonitrile (MeCN) (solvent 
B), both containing 0.1% (v/v) trifluoroacetic acid (TFA). The HPLC buffers and gradient parameters 
were adjusted repeatedly to optimise separation of all the insecticidal semi-pure metabolites prior to 
collection using a semi-prep column. The injection volume was 100 µl and UV detection was set at 210, 
220, 254, 280 and 320 nm. The flow rate was set at 1.2 ml min-1 (analytical) and 5 ml min-1 (semi-prep). 
UV-detectable metabolites were collected every minute. A total of 32 fractions were collected, freeze 
dried and tested against aphids. Whenever possible, the UV patterns of the bioactive peaks were 
added to the HPLC library for in-house reference. The parameter setup was refined repeatedly and the 
following parameters (Figure 4.3) were used to separate non-polar metabolites. Deionised water (A) 
and MeCN (B) were used as mobile phase. A gradient system was established 3 min after the sample 
was injected into the column. Over the next 19 min, the column was saturated with 15% MeCN to 95% 
MeCN gradually and was kept at 95% MeCN for 7 min. The system was then brought back to 15% MeCN 
at 32 min.  
 
Purified insecticidal peaks were analysed by MS at AgResearch, Canterbury University and Cawthron 
Institute, Nelson as described in Chapter 2. A technical beauvericin sample from Sigma-Aldrich (purity 
≥97% for HPLC) was processed using the same HPLC parameters above and the injection was at 30 µl 
(1 mg in 1 ml MeCN). 
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Figure 4.3.  HPLC parameters. The flowrate used for the preparative RPC18 column was 5 ml min-1  for 
32 min. Deionised water (A) and MeCN (B).  
4.2.3 Results  
Mycelial extract 
Both mycelial EA and MeOH extracts (1 mg ml-1) re-dissolved in MeOH killed all aphids (n=30) after 5 
min in a standard assay compared to the MeOH control. However, less crude extract was obtained 
using EA (0.400 g) compared to MeOH (6.734 g) from a 2 l mycelial culture.  
Solvent-solvent extraction 
Almost no aphicidal activity was detected in the aqueous after EA and DCM extraction (Figure 4.4).  
 
Figure 4.4. Aphicidal activity of EA, DCM and aqueous extract from mycelia of a five-day-old K4B3 flask 
culture. 
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Flash and column chromatography  
Flash and column chromatography showed that the strongest insecticidal fraction could be retrieved 
using solvent system Hex:Ether; 7:3 (Table 4.1). Most of the partially purified insecticidal metabolites 
were contained in this fraction. 
Table 4.1. Flash and column chromatography of mycelial extract. Between 30-50 aphids were used for 
each assay 
Fractions collected Bioactivity (%) 
100% Hex 0 
90% Hex-10% Ether 0 
70% Hex-30% Ether 100 
50% Hex- Ether 0 
100% Ether 0 
100% MeOH  0 
 
HPLC and MS analysis of insecticidal fraction from flash chromatography 
The insecticidal fractions (70% Hex : 30% Ether) which gave 100% mortality of aphids from flash 
chromatography were pooled and were further fractionated by HPLC. All 32, single min fractions were 
bioassayed against aphids as previously described. The most insecticidal fractions (80% of aphids killed 
in 24 h) were at retention time 28-32 min and were visualized as a single major peak on the HPLC 
chromatogram (Figure 4.5). The MS of this peak showed a strong signal for m/z 909.6 (Figure 4.6). 
MSMS (fragmentation) of the insecticidal peak showed the base peak at [M+H]+ (m/z) 909.6 and the 
fragment ions m/z and their relative intensity values at 100.1 (2), 183.1 (2), 200.1 (10), 210.2 (100), 
228.1 (38), 328.2 (8), 455.4 (21), 473.3 (15), 555.4 (8), 600.4 (6), 654.4 (6), 682.5 (15), 700.4 (13), 782.4 
(10), 909.6 (63) (Figure 4.7). 
The MSMS fragmentation ion of the peak is identical to a known depsipeptide of B. bassiana identified 
as bassianolide (Figure 4.8 and 4.9) which had [M+H]+ (m/z) of 909.6166; [M+D]+ (m/z) 910.63, [M+OH]+ 
(m/z) 926.6, [M+Na]+ (m/z) 931.6. The empirical formula of bassianolide is C48H84N4O12. The accurate 
mass of bassianolide is 908.6086. The numbers marked in red are fragment ions reported for 
bassianolide (Harder et al., 2011) which are identical to the ones found in this experiment. ESI-MS/MS 
of bassianolide, [M+H]+ (m/z) 909.6: (Collision energy: 25 and 85 V) [m/z (rel. int.)]: 100.1 (55), 126.1 
(15), 168.1 (1 1 ), 200.1 (13), 210.1 (100), 228.1 (65), 328.2 (8), 455.3 (18), 473.3 (8), 555.4 (5), 600.4 
(5), 654.4 (<5), 682.4 (10), 700.4 (7), 782.4 (5), 909.6 (21 ).  
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Figure 4.5. HPLC chromatogram of Hex:Ether; 7:3 fraction of a flash chromatography showing the 
insecticidal peak at 30-32 minute (arrow) and UV pattern of the bioactive peak (inset). 
 
 
Figure 4.6. Mass spectral analysis of the insecticidal fraction (28-32 min) from Figure 4.4. The mass of 
the insecticidal peak was detected at [M+H]+ (m/z) 909.6.   
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Figure 4.7. The MSMS fragmentation of [M+H]+ (m/z) 909.6; mass ion m/z (relative intensity values) 
were 100.1 (2), 183.1 (2), 200.1 (10), 210.2 (100), 228.1 (38), 328.2 (8), 455.4 (21), 473.3 (15), 555.4 
(8), 600.4 (6), 654.4 (6), 682.5 (15), 700.4 (13), 782.4 (10), 909.6 (63).  
 
 
Figure 4.8. The previously reported fragmentation pattern of bassianolide [M+H]+ (m/z) 909.6 
(Gonzalez et al., 2012). 
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Figure 4.9. Bassianolide m/z 909.6 (Molnar et al., 2010) 
HPLC and MS on insecticidal fraction from column chromatography 
Using the same approach as described above, larger amounts of insecticidal fractions were obtained 
by bioassay-guided column chromatography. They were pooled and analysed by HPLC and three peaks 
from retention time 26-32 min were collected (Figure 4.10) and shown to be insecticidal (Figure 4.11). 
Bassianolide was still detected as a dominant peak at 28-32 min. Reinjection of fraction 26.5-27 min 
fraction (Figure 4.12) showed the presence of a single peak. The peak was thus sent for MS analysis. 
Seven mass ions (m/z) from MS of the peak (Figure 4.13) were chosen for further MSMS fragmentation. 
The fragmentation patterns of [M+H]+ (m/z) 784, 798, 801, 802, 815 and 829 (Figure 4.14-19) showed 
the presence of fragments at (m/z) 261 and 522 which correspond to the trimeric structure of a 
beauvericin (Logrieco et al., 1998). The fragmentation patterns were in agreement with the reported 
structures for beauvericin (m/z) 784, beauvericin A (m/z) 798, beauvericin H (m/z) 802 and beauvericin 
B (m/z) 812 (Table 4.2). Mass ion (m/z) 820 lacks fragment ions (m/z) 261 and 522 (Figure 4.18). It is 
therefore not a beauvericin. The fractions which contained the varieties of beauvericin, like the 
identified bassianolide, however did not cause desiccation of aphid cadavers in the bioassays.  
 
Figure 4.10. HPLC of the Hex:EA sample from Table 4.1. Each collected fraction demonstrated 
insecticidal activity with the strongest observed in the last three peaks at 26.5-27.5 min, 27.5-28 min 
and 28-32 min (highlighted, data shown in Figure 4.11). 
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Figure 4.11. Mortality of aphids when treated with manually collected fractions based on the peaks in 
Figure 4.10. 
 
 
Figure 4.12. Bioactive peak (re-injected) and the retention time at 26.5-27 min showed a single peak. 
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Figure 4.13. MS of fraction ‘26.5-27.5 min’ from Figure 4.12. The abundant ion 815 as well as other 
ions 784, 798, 801, 802.5, 820 and 829 were selected for further MSMS fragmentation. 
Table 4.2. Identification of the ions (m/z) from fraction 26.5-27 min (Figure 4.12). 
m/z Figure Identification Supporting document 
784 and 801 4.14 beauvericin (Gupta et al., 1995) 
798 and 815 4.15-16 beauvericin A (Gupta et al., 1995) 
802.5 4.17 beauvericin H (Xu et al., 2007). 
820 4.18 Not beauvericin - 
829 [M+NH4]+ 4.19 beauvericin B (Gupta et al., 1995) 
Appendix A.3 
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Figure 4.14. The MSMS for ions [M+H]+ (m/z) 784 and 801 (from Figure 4.13), showing the presence 
of fragments at (m/z) 261 and 522 (circled) which correspond to the trimeric structure of a 
beauvericin (Logrieco et al., 1998). This MSMS is almost identical to the technical beauvericin from 
Sigma-Aldrich (Figure 4.21).  
 
 
 
Figure 4.15.MSMS fragmentation of the mass ion [M+H]+ (m/z) 798.4 from Figure 4.13 with high 
similarity to beauvericin A (circled).  
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Figure 4.16. The MSMS for ion (m/z) 815 (from Figure 4.13), showing the presence of fragments 
(circled) similar to beauvericin A, (m/z) 798. The reported fragment ions of beauvericin A: 706, 606, 
519, 441, 344, 331, 276, 262, 244, 230, 180, 134, 91. 
 
 
Figure 4.17.  The MSMS for ion [M+H]+ (m/z) 802.4 (from Figure 4.13), showing the presence of 
fragments at (m/z) 261 and 522 (circled) which correspond to the trimeric structure of a beauvericin. 
Ion [M+H]+ (m/z) 802.4 has similarities to beauvericin H1 (Xu et al., 2007).  
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Figure 4.18. MSMS fragmentation of (m/z) 820 from Figure 4.13. Note no fragment ions (m/z) 261 and 
522, which would have been characteristic of a beauvericin.   
 
Figure 4.19. MSMS fragmentation of (m/z) 829 from Figure 4.13 showing high similarity to beauvericin 
B (m/z) 812. 
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Beauvericin standard 
A technical beauvericin from Sigma-Aldrich (purity ≥97% for HPLC) was injected into HPLC using the 
same parameter as Figure 4.3. The standard eluted at 25.3 min (Figure 4.20). The MSMS data of the 
technical beauvericin [M+1]+ (m/z ) 784.4 which showed the presence of fragments [M+1]+ at (m/z) 
262 and 523 confirmed the trimeric structure of a beauvericin (Logrieco et al., 1998)(Figure 4.21).  
The technical beauvericin was also tested against aphids at 0.6 mg / 300 µl (2000 ppm). No mortality 
was observed.  
 
Figure 4.20.Retention time and UV pattern (inset) of the technical beauvericin at 25.3 min. 
 
Figure 4.21. MSMS spectrum of technical beauvericin (Sigma-Aldrich).  
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Refining the separation techniques 
The HPLC parameters were refined and the metabolites were collected on a fraction collector 
synchronised with the detection of individual peaks. The fraction containing bassianolide was 
repeatedly shown to be the most insecticidal (Figure 4.5, 4.11 and 4.22). The peak after bassianolide 
was insecticidal as well when tested on several occasions (Figure 4.22). The MS analysis on the peak 
however revealed trace amounts of beauvericin and other metabolites (Figure 4.26).  
A crude mycelial hexane extract was injected directly into the HPLC using the same parameters as used 
in Figure 4.3 in a separate experiment. All fractions (collected by min) were tested against aphids. 
Insecticidal fractions were found at the 21st min (32% of aphids killed in 24 h), 23rd min (33%), 26th min 
(77%) and 29th min (89%).  One ml of the HPLC collection at 23rd min after drying contained 0.5 mg of 
material, which after re-suspension at 500 ppm (0.5 mg ml-1 in water) killed 33% of aphids (Figure 
4.22). One ml of collection at the 26th min after drying weighed approximately 1.3 mg. The re-
suspension of the material in water at 1300 ppm (1.3 mg ml-1 solution) killed 77% aphids (Figure 4.22). 
Fraction 21st min contained beauvericin H1 (m/z) 802 (Figure 4.23). Fraction 23rd min contained 
beauvericin (m/z) 784 (Figure 4.24), Fraction 26th min contained bassianolide (m/z) 909.6 (Figure 4.25) 
and traces of beauvericin (m/z) 784 could be found in Fraction 29th min (Figure 4.26). No aphids died 
in the control (0.1% Tween 80).  
 
Figure 4.22. HPLC fractionation of a crude hexane extract, with corresponding aphicidal activities 
(marked by arrows). Mortality of aphids after 24 h obtained using fractions collected from 21st min 
(32% mortality), 23rd min (33% mortality), 26th min (77% mortality), and 29th min (89% mortality). 
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Figure 4.23. MS of the fraction from the 21st min in Figure 4.22. The mass ion [M+H]+ (m/z) 802 of 
beauvericin H was detected along with mass ion (m/z) 824 in the 21st min fraction. 
 
Figure 4.24. MS of the fraction 23rd min from Figure 4.22, containing mass ions [M+H]+ (m/z) 784 
(beauvericin) and traces of (m/z) 802 (beauvericin H). 
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Figure 4.25. MS of the fraction 26th min from Figure 4.22, containing mass ion [M+H]+ (m/z) 909.6 
(bassianolide). 
 
Figure 4.26. MS of the fraction 29th min from Figure 4.25 containing trace amount of mass ion [M+H]+ 
(m/z) 784 (beauvericin). 
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A third repetition of the experiment using fractionation of the crude hexane sample with modified 
HPLC conditions for collection showed a similar trend (Figure 4.27 and Table 4.3). Bioactivity tests were 
conducted in the region of previous activity. Fractions collected around peaks at the 27th min showed 
44% mortality of aphids, peak at 28th 16%, peak at 29th min 4.2% and peak at 31st min caused the 
highest mortality, close to 80% at about the same concentration. No aphids died in the control. The 
peaks were identified using LCMS at the Cawthron Institute (Appendix A.3) as [M+1]+ beauvericin (m/z) 
784, beauvericin A (m/z) 798, beauvericin B (m/z) 812 and bassianolide (m/z) 909.6. 
 
Figure 4.27. The collection of metabolites by time (min-1) with modified HPLC conditions (inset). Water 
was pumped into the system for the 1st min. By the 3rd min, 40% MeCN was saturating the column. 
95% MeCN saturated the column for 25 min gradually and was maintained at this saturation for 7 min. 
By the 36th min, the system went back to only water again.  
Table 4.3. Fractions of a crude hexane extract, collected every min from HPLC. One ml of the collection 
was dried, resuspended in 0.2 ml water (added with 0.1% Tween 80) and used against aphids in a 
standard bioassay. The major compounds were identified in each fraction using MS.  
Fraction (min)   Recovered material (mg)    Aphicidal activity (%)    [M+H]+ (m/z)     Identity 
       27th    0.3       44           784      Beauvericin 
       28th   0.3       16           798      Beauvericin A 
       29th   0.2         4           812      Beauvericin B 
       31st   0.3       78           909      Bassianolide 
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General MS scan 
A general MS scan was done on a crude mycelial MeOH extract from (m/z) 50-1400. There were no 
other major compounds detected that were larger than bassianolide (Figure 4.28). Minor compounds 
included organic acids such as heptanoic acid (m/z) 129.1, hydroyxpentanedioic acid (m/z) 147 and 
nonanedioic acid (m/z) 187. Mass ion (m/z) 544.3 which fragmented to give ions of beauverolides B at 
(m/z) 544, 526, 516, 431, 413, 284, 279, 266, 238, 233, 215, 167 and 120 (Figure 4.29) was also detected 
in minute quantity occassionally from the mycelial MeOH extract. 
 
Figure 4.28. MS scan of the mycelial crude MeOH extract from (m/z) 50-1400. Apart from bassianolide 
[M+H]+ (m/z) 909.6, no other major ions were detected from this the active extract after (m/z) 1000. 
Possible organic acid such as heptanoic acid (m/z) 129.1, hydroxpentanedioic acid (m/z) 147 and 
nonanedioic acid (m/z) 187 were observed.  
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Figure 4.29. MSMS of the ion (m/z) 544.3 detected from the mycelial extract. Fragmentation resulted 
in ions of beauverolide B at (m/z) 544, 526, 516, 431, 413, 284, 279, 266, 238, 233, 215, 167 and 120. 
4.3 Size exclusion chromatography using Sephadex LH-20 resin  
4.3.1 Background 
Sephadex LH-20 resin is used to separate molecules based on their physical size. Big molecules will be 
eluted from the column first and small molecules will take more time to go through the resin. In 4.2, 
the separation of insecticidal metabolites from K4B3 was based on the hydrophilic and hydrophobic 
nature of the metabolites and the approach concentrated mainly on hydrophobic metabolites. In this 
section, metabolites were separated according to their size. The approach aimed to separate 
insecticidal metabolites from another perspective and to confirm the identity of the insecticidal 
metabolites present in the mycelial extract.  
4.3.2 Materials and methods 
Mycelia (117 g) harvested from a 2 l three-day-old broth (ingredients and culture parameters as in 
Appendix A.1.4) were extracted using ethyl acetate (EA) followed by methanol (MeOH). A total of 320 
mg EA extract was obtained after drying. There were 5.7 g of methanol extract after drying. EA and 
MeOH extracts were suspended in MeOH and tested against aphids and EA extract was found to be 
stronger. The EA extract was therefore re-dissolved in 1 ml of MeOH and passed through a column of 
Sephadex LH20 resin activated with MeOH. Fresh MeOH was slowly added to the column. Fractions of 
approximately 10 ml were collected from the column. The collection was stopped after 2 volumes of 
the column were collected. In total, 16 fractions were collected. One ml from each fraction was dried, 
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weighed and re-suspended in 0.5 ml water with 0.1% Tween 80 added. The suspensions were 
combined in pairs (16 fractions reduced to eight fractions) and tested against aphids and brine shrimps 
for bioactivity. Any bioactive fractions were analysed for MS profile.  
Based on the results from bioassay and MS profile, Fraction 1 and 2 from the column collections (Figure 
4.30) were combined and fractionated on HPLC using a semi-prep RPC18 column with parameters as 
described in Figure 4.27. Approximately 50 mg (Fraction 1 and 2 combined) were dissolved in 100 µl 
MeCN for separation via HPLC. Fraction 4 (58.5 mg) (Figure 4.30) was also fractionated via HPLC and 
bioassayed. The buffer used was 20 mM KH2PO4 at pH 2.5 with the flow rate set at 5 ml min-1. One ml 
from each of the 35 fractions were centrifuged at 5000 rpm for 10 min and dried in a Speed Vac 
(Thermo Scientific) at 35 °C for approximately 5 h to remove the organic solvent acetonitrile (MeCN). 
The dried fractions were resuspended in 500 ul water with 0.1% Tween 80 added and tested against 
aphids. The most insecticidal fraction(s) were sent for MS analysis. 
4.3.3 Results 
After demonstrating that the aphid activity remained in the EA fraction, this was applied to the LH20 
column. The highest insecticidal activities were from the first four, 10 ml fractions collected from the 
LH20 (Figure 4.30). Fraction 1 and 2, when combined, weighed 5.9 mg. Fraction 3 and 4 combined 
weighed 16.2 mg. Fraction 3 and 4 were also highly toxic to brine shrimps (data not shown). The MS 
profile of the four insecticidal fractions showed the presence of bassianolide and varieties of 
beauvericin. The MS analysis of the four active fractions (Figure 4.30) was discussed below.  
 
Figure 4.30. Mortality of aphids Myzus persicae 24 h after treatment with fractions collected from the 
LH20 column. All others = combined fractions (after fraction 10), C= blank water with 0.1% Tween 80. 
Values are mean ± standard deviations. N=30 for each treatment. 
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Fraction 1 
MS analysis of Fraction 1 (Figure 4.30) showed the presence of betaines, beauvericin and bassianolide 
(Figure 4.31 and Table 4.4). [M+H]+ (m/z) 736.6, 738.6, 760.6, 762.6, 764.6 were previously identified 
as betaines (Ford et al., 2013). MSMS data of mass ion [M+H]+ (m/z) 736.6 (Figure 4.32) confirmed that 
it was not beauvericin E [M+H]+ (m/z) 736.9 as it had no fragment ions (m/z) 252 and 523, pre-requisite 
for the structure of a beauvericin. The mass ions (m/z) 760.6 and 782.6 were not beauvericin analogues 
as well. Only mass ions (m/z) 801.4 fragmented to give ions of a beauvericin (Figure 4.33). 
 
Figure 4.31. MS analysis from (m/z) 0 to 1000 of Fraction 1 from Figure 4.30. Peak identities are given 
in Table 4.4.  
Table 4.4. Identity of the mass ions of Fraction 1 of Figure 4.30. 
m/z Identity 
736.6, 738.6, 760.6, 762.6, 764.6, 782.6  Betaines  
784.4 Beauvericin (m/z) [783.4+H]+ 
801.4 Beauvericin (m/z) [783.4+NH4]+ 
806.4 Beauvericin (m/z) [783.4+Na]+ 
931.6 Bassianolide (m/z) [908.6+Na]+ 
415.2, 437.2, 820.4 Unidentified 
 
   
 87 
 
  
 88 
 
Figure 4.32. MSMS fragmentation pattern of mass ions (m/z) 736.6, 760.6 and 782.6 identified in Figure 
4.31.  
 
Figure 4.33. MSMS of the mass ion (m/z) 801.4 identified in Figure 4.31(B) fragmented to give ions of 
beauvericin at (m/z) 784, 523.3 and 262.1. 
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Fraction 2 
MS analysis of Fraction 2 (Figure 4.30) showed the presence of betaines, beauvericins, beauverolides 
and bassianolide (Table 4.5 and Figure 4.34). Beauvericin (m/z) 784 was detected at higher intensity 
similar to betaines. Beauvericin A (m/z) 798 was also detected (Figure 4.35). The MSMS fragmentation 
pattern of mass ion (m/z) 516.3 at (m/z) 256, 139, 104, 86 (Figure 4.36) is identical to beauverolide E 
(Bekker et al., 2013). Fragmentation pattern of the mass ion (m/z) 564.3 (Figure 4.37) corroborates to 
the fragmentation pattern of beauverolide F (Bekker et al., 2013).   
Table 4.5. Identity of the mass ions of Fraction 2 from Figure 4.30. 
m/z Identity 
516.3 Beauverolide E (m/z) [515.3+H]+ 
564.3 Beauverolide F (m/z) [563.3+H]+ 
736.6, 760.6 Betaines  
784.5 
798.4 
801.4 
Beauvericin (m/z) [783.4+H]+ 
Beauvericin A (m/z) [797.4+H]+ 
Beauvericin (m/z) [783.4+NH4]+  
806.4 
812.4 
815.4 
Beauvericin (m/z) [783.4+Na]+ 
Beauvericin B (m/z) [811.4+H]+ 
Beauvericin A (m/z) [797.4+NH4]+ 
834.4 Beauvericin B (m/z) [811+Na] + 
931.6 Bassianolide (m/z) [908.6+Na] + 
415.2, 439.3, 453.3, 481.3, 498.4, 540.3, 710.5, 
728.5, 750.6, 820.4, 915.5, 949.6, 965.5 
Unidentified 
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Figure 4.34. MS analysis of Fraction 2 from Figure 4.30, (A) and (B) from (m/z) 350 to 1000. Peak 
identities are given in Table 4.5.  
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Figure 4.35. MSMS of the mass ion (m/z) 815.4 identified in Figure 4.34 fragmented to give ions of 
beauvericin A at (m/z) 798, 523.3 and 262.1. 
 
Figure 4.36. MSMS of the mass ion (m/z) 516.3 identified in Figure 4.34 fragmented to give ions at 
beauverolide E at (m/z) 256, 139, 104, and 86.  
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Figure 4.37. MSMS of the mass ion (m/z) 564.3 identified in Figure 4.34 fragmented to give ions of 
beauverolide F at (m/z) 304, 276, 258, 139 and 120. 
Fraction 3 
MS analysis of Fraction 3 (Figure 4.30) showed the presence of betaines, beauvericins and 
beauverolide E (Table 4.6 and Figure 4.38).   
Table 4.6. Identity of the mass ions of Fraction 3 from Figure 4.30. 
m/z Identity  
516.3 Beauverolides E (m/z) [515.3+H]+ 
736.6, 760.6, 782.6 Betaines [M+H]+ 
798.4 Beauvericin A (m/z) [797.4+H]+ 
801.4 Beauvericin (m/z) [783.4+NH4]+ 
806.4 Beauvericin (m/z) [783.4+Na]+ 
812.4 Beauvericin B (m/z) [811+H]+ 
815.4 Beauvericin A (m/z) [797.4+NH4]+ 
829.4 Beauvericin (m/z) [783.4+NH4]+ +C2H4 
834.4 Beauvericin B (m/z) [811+Na]+ 
167, 377.3, 395.3, 439.3, 453.3, 498.3, 541.3, 
580.3, 603.3, 663.4, 820.4, 840.3, 868.5, 
915.5, 929.5, 949.5, 963.5, 
Unidentified 
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Figure 4.38. MS analysis of Fraction 3 from Figure 4.30, (A) and (B) from (m/z) 0 to 1000. Peak identities 
are given in Table 4.6. 
Fraction 4 
MS analysis of Fraction 4 (Figure 4.30) showed the presence of betaines, beauvericins and 
beauverolide E (Table 4.7 and Figure 4.39).   
Table 4.7. Identity of the mass ions of Fraction 4 of Figure 4.30. 
m/z Identity 
516.3 Beauverolide E [515.3+H]+ 
736.6, 760.6, 782.6 Betaines  
801.4 Beauvericin (m/z) [783.4+NH4]+ 
806.4 Beauvericin (m/z) [783.4+Na]+ 
815.4 Beauvericin A (m/z) [797.4+NH4]+ 
                                         829.4 Beauvericin (m/z) [783.4+NH4]++C2H4 
123.0, 167.0, 148.1, 189.0, 227.1, 263.2, 281.2, 
312.1, 354.1, 377.3, 396.3, 415.2, 437.2, 453.3, 
537.3, 561.5, 583.3, 603.3, 631.4, 662.4, 682.3, 
700.3, 710.5, 716.5, 728.5,750.6, 820.4, 847.4, 
854.5, 868.5, 906.4, 915.5, 949.5 
Unidentified 
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Figure 4.39. MS analysis of Fraction 4 from Figure 4.30 (A) and (B) from (m/z) 0 to 1000. Peak identities 
are given in Table 4.7. 
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Identity of the most insecticidal metabolite in mixture of Fraction 1 and 2 (Figure 4.30) 
 
HPLC collection at 31st min (Figure 4.40) was the most insecticidal, killing all aphids. MSMS profile of 
the 31st min HPLC collection showed the fragmentation pattern of a bassianolide (Figure 4.41-4.42). 
 
Figure 4.40. HPLC fractionation of Fraction 1 and 2 from Figure 4.30. The 31st min fraction (arrow) killed 
all aphids in bioassay. 
 
Figure 4.41. The MS profile of HPLC fraction collected at 31st min showing the presence of (m/z) 
909.6 and 926.6. 
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Figure 4.42. MSMS of the mass ion (m/z) 909.6 (A) and 926.6 (B) identified in Figure 4.41 fragmented 
to give ions of bassianolide.  
 
A 
B 
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Identity of the most insecticidal metabolite in Fraction 4 (Figure 4.30) 
Fraction 4 from Figure 4.30 did not contain bassianolide yet it was insecticidal. It was separated via 
HPLC and the bioassay showed HPLC collection at the 15th min was the most insecticidal (81% 
mortality), followed by the 10th min (52% mortality) and 11th min (37% mortality) (Figure 4.43). A 
repeated bioassay of the fractions; 10th min (3.7 mg ml-1), 11th min (3.3 mg ml-1) and 15th min (0.2 mg 
ml-1) showed the 15th min was still the most insecticidal (Figure 4.44). The 15th min MS data showed 
the presence of (m/z) 196, 415, 437, 453 (Figure 4.45).  
 
Figure 4.43. Bioassay against aphids of 32, single min HPLC collections from Fraction 4 (Figure 4.30). 
C= control. 
 
Figure 4.44. Aphicidal activity of the most active HPLC fractions after separation of Fraction 4 from 
Figure 4.30. The bioassay was a repeat using a second set of HPLC collection of the fractions shown in 
Figure 4.43 C=control.  
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Figure 4.45. The MS profile of fraction 15th min from Figure 4.43 showed the presence of ions at (m/z) 
196, 387, 415, 437 and 453. 
 
A 
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Figure 4.46. Fragmentation ions of (m/z) 387(A), 415(B) and 453(C) from Figure 4.45. The 
fragmentation of (m/z) 196 and 437 were not strong for detection. 
C 
B 
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4.4 Quantification of beauvericin and bassianolide  
4.4.1 Background 
As reported above, a crude extract from mycelium of K4B3 at 1 mg ml-1 water with 0.1% Tween 80 
killed over 80% of aphids in standard bioassays. Analysis of the crude extracts from EA and other 
solvent extractions showed significant presence of a variety of beauvericin and bassianolide. Fractions 
containing bassianolide were far more toxic than those without bassianolide.  
In previous studies, bassianolide suspended in water was toxic to silkworm larvae at 1 µg µl-1 after 
injection and bassianolide was detected in naturally Beauveria-infected silkworm larvae (Kanaoka et 
al., 1978; Suzuki et al., 1977). Corn earworm, Helicoverpa zea, were paralyzed shortly after injections 
of bassianolide into their haemolymph but all of the larvae recovered after three days (Champlin and 
Grula, 1979). Like beauvericin, it is an ionophore. Beauvericin was reported to cause extensive damage 
to the epithelium of the midgut of mosquito Culex pipiens autogenicus larvae with intensive 
vacuolization of cells and visible damage to mitochondria, membranes and nuclei, disrupting 
membrane permeability. Direct lethal effect was not believed to be the mode of action (Zizka and 
Weiser, 1993).  
The unusual insecticidal activity via contact demonstrated by both HPLC purified beauvericin and 
bassianolide of K4B3 warrant experiments to estimate the quantity of beauvericin and bassianolide 
present in the dosage that killed aphids and DBM caterpillars.   
4.4.2 Materials and methods 
Quantification using high performance liquid chromatography (HPLC)  
A series of concentration of beauvericin (Sigma-Aldrich) was prepared in methanol at 0.5, 5, 10, 50, 
100, 150, 200, 250, and 500 ppm and 20 µl was injected six times into the HPLC. The calibration curves 
for beauvericin and bassianolide were constructed by linear regression analysis, plotted as the average 
peak area versus beauvericin concentrations. A relative quantification approach was taken to estimate 
the concentration of bassianolide present in samples as bassianolide standard was unavailable at the 
time of study. Given the wavelength of detection of bassianolide, characteristic and the metabolite 
eluting in non-polar condition similar to the beauvericin standard, a relative quantification of 
bassianolide using beauvericin standard was carried out. The Limit of Detection (LOD) and Limit of 
Quantification (LOQ) were estimated based on the beauvericin standard using HPLC. The HPLC 
parameters were as described in Figure 4.27.  
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The calibration curves established via the HPLC Chemstation software were used to estimate the 
following:  
(i) relative amount of bassianolide present in 1, 10 and 20 mg of mycelial MeOH extract re-
dissolved in 1 ml water which were used for bioassay in 3.2.4.  
(ii) the amount of the actives (beauvericin and bassianolide) contained in 5 ml LH20 fractions from 
a 1 g MeOH mycelial extract of a three-day-old K4B3 culture grown using parameters as 
described in Appendix A.1.4.  
Twenty µl of sample solution in MeOH was injected into the HPLC for quantification analysis. 
Quantification by ultra performance liquid chromatography mass spectrometer (UPLC-MS)  
Previously, bassianolide standard was unavailable and quantification on HPLC was conducted based 
on beauvericin standard (Sigma-Aldrich) to estimate the relative amount of bassianolide present. 
Quantification of beauvericin and bassianolide was repeated when bassianolide standard was 
available. Analogues of beauvericin were quantified based on the beauvericin standard. A mixed 
standard solution (1:1) of 10 µg ml-1 beauvericin (CA95131; AnaSpec San Jose; MD047) and 10 µg ml-1 
bassianolide (SC-397290; Santa Cruz Biotechnology; MD202) was prepared to quantify beauvericin and 
bassianolide in the mycelial extract. Four concentrations were injected into Waters Acquity BEH C18 
UPLC column (1.7 µm; 50 x 2.1 mm) on a Waters I-class UPLC system with flow through needle 
autosampler and column oven connected to a Xevo-TQS MS. The mobile phase A was 0.1% formic acid 
in MilliQ water and the mobile phase B was 0.1% formic acid in MeCN (HPLC grade). A gradient system 
was used (Table 4.8). The calibration equation was established by linear regression. The MS was 
conditioned with electrospray ionization (ESI) to scan in positive mode from (m/z) 100-1000.   
One g of mycelial sample provided by Biotelliga (grown on shake flasks using parameters as described 
in Appendix A.1.2), was extracted with 25 ml MeOH for 60 min with mixing and inversion every 15 min 
in a volumetric flask. Fifteen ml was transferred to a Falcon tube and centrifuged at 3,000 x g for 5 min. 
The MeOH extract was diluted 1/50 in MeOH (20 µl in 980 µl MeOH) directly in a vial and cap with pre-
split septa.  
Quantification of beauvericin and bassianolide in the mycelial sample was accomplished using the LC-
MS scan data and standard curves for beauvericin and bassianolide. 
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Table 4.8. UPLC gradient system depicting the mobile phases passing through the column with time. 
Time (min) Flow (ml min-1) % A % B 
0.0 0.5 90 10 
0.2 0.5 90 10 
4.2 0.5 0 100 
8.9 0.5 0 100 
9.0 0.5 90 10 
10.0 0.5 90 10 
4.4.3  Results 
Quantification by high performance liquid chromatography (HPLC)  
The beauvericin standard (Sigma-Aldrich) was eluted at 27.7 min similar to what was observed of 
beauvericin mass ion (m/z) 784 (Figure 4.27). The limit of detection (LOD) of beauvericin standard was 
at 0.01 ppm and the limit of quantification (LOQ) of beauvericin standard was 2.5 ppm.  
Using the peak area of beauvericin at different concentrations, a calibration curve with a correlation 
value of 0.995 was made of beauvericin (Figures 4.47). A relatively similar calibration curve for 
bassianolide was also prepared (based on the peak area of beauvericin standard at different 
concentrations) to estimate bassianolide available in the samples relative to beauvericin. The following 
equations thus were produced: 
Amount of beauvericin (ppm) = (Area - 96.062923) / 20.4011087 
Relative amount of bassianolide to beauvericin standard (ppm) = (Area - 96.05079) / 20.4016106  
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Figure 4.47. Calibration curve for detection of beauvericin and bassianolide based on different 
concentrations of beauvericin standard.  
Relative amount of bassianolide present in 1, 10 and 20 mg of mycelial crude extract used 
for bioassay in 3.2.4.  
The relative amount of bassianolide available at each concentration of the crude MeOH mycelial 
extract was calculated based on the above equations (Figure 4.48). The crude MeOH mycelial extract 
which killed 80-100% aphids (3.2.4) at 1 mg ml-1 contained 7.5 µg bassianolide.  
 
 
Figure 4.48. Bassianolide contained in 1, 10 and 20 mg ml-1 of a crude MeOH mycelial extract from a 
five-day-old K4B3 culture. 
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Amount of the beauvericin and bassianolide contained in 5 ml LH20 fractions  
Using the same calibration curves, the beauvericin and bassianolide amount contained in 10 fractions 
from LH20 were quantified (Figure 4.49). Fraction 8 and 9 contained high amounts of bassianolide 
compared to other fractions. Fraction 5 and 6 contained high amounts of beauvericin. Though these 
fractions were not compared for aphicidal activity, Fraction 9 would be the most aphicidal fraction 
with reference to the aphicidal activity of beauvericin and bassianolide at the same concentration in 
Table 4.3.  
 
Figure 4.49. Quantity of beauvericin and bassianolide contained in LH20 fractions.  
Quantification by ultra performance liquid chromatography-mass spectrometer (UPLC-MS)  
UPLC-MS analysis detected a suite of metabolites observed previously in K4B3 mycelial extract (Table 
4.9) and quantified the amount of beauvericin and bassianolide in the mycelial extract (Figure 4.50) 
of a five-day-old culture. 
Table 4.9. Retention time of metabolites observed in K4B3 mycelial extract analysed on a UPLC-MS. 
Metabolites Retention time (min) m/z Ion assignment Calibrant 
Beauverolide F 3.6 564.2 [M+H]+ Beauvericin 
Beauvericin 4.1 784.2 [M+H]+ Beauvericin 
Beauvericin A/F 4.3 798.3 [M+H]+ Beauvericin 
Beauvericin B 4.4 812.3 [M+H]+ Beauvericin 
Bassianolide 4.6 909.6 [M+H]+ Bassianolide 
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  Figure 4.50. Quantity of metabolites in a mycelial extract of a five-day-old flask culture of K4B3. 
4.5 Purification and identification 
4.5.1 Background 
Fractions containing beauvericin (m/z) 784 of K4B3 were displaying some insecticidal activity (44% 
aphid mortality) at 1500 ppm (Table 4.3). The technical beauvericin (Sigma-Adrich) at 2000 ppm 
showed no insecticidal activity. The beauvericin from K4B3 was therefore subjected to one-
dimensional nuclear magnetic resonance (1D NMR) to observe for ‘additional’ distinct peaks in a 
preliminary attempt to compare the structure with published NMR records of beauvericin (Roberts, 
1992; Shimada, 2010). Bassianolide (m/z) 909.6 was the most insecticidal metabolite from mycelial 
extract of K4B3. Though it was confirmed to be bassianolide based on the MSMS fragmentation, it was 
included for 1D-NMR analysis for further verification with published literature (Jirakkakul et al., 2008; 
Kanaoka et al., 1978; Kwon, 2000; Suzuki et al., 1977). 
4.5.2 Materials and methods 
Fractions 5 and 6 (from Figure 4.49) were combined and beauvericin at 27.7 min and bassianolide at 
31.7 min were purified via semi-prep C18 column on HPLC with a flow rate of 5 ml min-1. The HPLC 
parameters were as described in 2.3.2 and Figure 4.27. The combined fraction was injected at 100 µl 
and collection was peak based with threshold above 500 mAu. The collected fractions were blown to 
dryness under a gentle stream of nitrogen gas. 
Approximately 2 mg of beauvericin and 5 mg of bassianolide were purified from HPLC.  They were 
analysed in deuterated chloroform (CDCl3) via proton and carbon NMR on a Bruker 500 MHz 
spectrometer and Bruker Topspin NMR software was used to control the instruments and view the 
spectra.  
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4.5.3 Results 
Four different types of spectra were collected of the beauvericin sample: 1D 1H-NMR, 1D 13C spectrum, 
edited Heteronuclear Single-Quantum Correlation (HSQC) and Heteronuclear Multiple Bond 
Correlation (HMBC). Based on these spectra, the signals and assignments confirmed the structure of 
beauvericin (Figure 4.51).  
1H-NMR gave signals and assignments at:  
0.41 15-H, 0.79 14-H, 2.00 13-H, 2.97 3-H, 3.00 10-CH3, 3.37 3-H, 4.90 12-H, 5.50 2-H, 7.17 7-H, 7.24 
5-H, 6-H, 8-H, 9-H (Figure 4.52). 
 
13C-NMR gave signals and assignments at:  
17.4 C-15, 18.3 C-14, 29.7 C-13, 32.3 10-CH3, 34.8 C-3, 57.3 C-2, 75.6 C-12, 126.8 C-7, 128.8 C-5, C-6, 
C-8, C9, 136.6 C-4, 169.6 C-11 (Figure 4.53). 
 
 
Additional signals were also noted as below: 
 
Crosspeaks in HSQC spectrum: 1.27 (1H) 29.0 (13C), 2.38 (1H) 42.7 (13C) 
From 1D 1H spectrum: 1.25, 1.63, 1.74, 2.34, 2.94, 7.17, 7.18. 
 
The 1D 13C spectrum was, however, weak and hence the carbon signals were assigned primarily from 
the HSQC (Figure 4.54) and HMBC spectra (Figure 4.55). The expected signals from beauvericin as 
previously published were detected (Roberts, 1992; Shimada, 2010). The HMBC spectrum was 
consistent with the substance being beauvericin and all the HMBC peaks were identical to a published 
1H-NMR spectra of a beauvericin standard (Supothina et al., 2011). The 1H-NMR spectra of beauvericin 
from K4B3 (Figure 4.52) showed two C-methyl doublets at 0.42 and 0.79 ppm, N-methyl singlet at 2.98 
ppm and the multiplet from the aromatic protons at 7.23 ppm as described in Robert (1992). The 
characteristic double doublet (5.42 ppm) and doublet (4.93 ppm) of α-hydroxyisovaleric acid was also 
shown respectively. These spectra at this point indicated the beauvericin produced by K4B3 is identical 
to the standard (minus the additional signals).  
Bassianolide sample did not dissolve well in CDCl3. The sample was aggregating and interacting in 
chloroform. Big broad peaks were shown on the spectra of the sample. Due to the limitation of time 
to find suitable solvent and producing more pure bassianolide samples for NMR analysis, the attempt 
was discontinued as the MS fragmentation data suffice for the identification of bassianolide which was 
not novel.   
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Figure 4.51. Beauvericin from K4B3 showing through bond linkages from HMBC spectra. 
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Figure 4.52. 1D 1H-NMR spectra of beauvericin of K4B3. 
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Figure 4.53. 1D 13C-NMR of beauvericin of K4B3. 
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Figure 4.54. Edited HSQC of beauvericin of K4B3. 
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Figure 4.55. HMBC of beauvericin of K4B3. 
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4.6 Discussion 
Guided by the aphid mortality assays, the insecticidal metabolites were extracted, separated and 
identified from the mycelial crude extract of K4B3. The metabolites killed aphids upon contact within 
24 h. B. bassiana is a non-host specific pathogen and produces a diversity of metabolites to warrant its 
virulence and success (Strasser et al., 2000a). Yet there are no references for insecticidal metabolites 
from B. bassiana that kill insects through contact. The only records of insecticidal metabolites from B. 
bassiana were after ingestion (stomach poison) (Zizka and Weiser, 1993) and direct injection 
(bypassing the cuticle into the haemolymph), with the exception of some enzymatic studies (Kim and 
Yeon, 2010b; Kim et al., 2010a). It is crucial, therefore, to have baseline data on the insecticidal 
metabolites contained within the mycelia of K4B3 that kill insects upon contact.  
The research reported in this chapter and other published studies clearly exhibit the spectrum of the 
metabolites produced by different isolates of B. bassiana is not always identical. In this study, 
beauvericin (m/z) 784 and bassianolide (m/z) 909 were produced by K4B3, yet in another isolate of B. 
bassiana (Luo et al., 2015), they were absent. The isolate, ingredients of the media and growing 
conditions of both isolates could have had an impact on the production of metabolites. The criteria to 
select a metabolite for further analysis in this study depended heavily on the insecticidal activity 
demonstrated by each fraction collected by HPLC (preferably showing above 50% mortality of aphids 
at 24 h), level of uniqueness in comparison to available standards, purity of the metabolite, quantity 
available and complexity to separate and purify the metabolites using established techniques and 
processes available. The presence of other interesting metabolites (which were not insecticidal) in the 
mycelial extract was therefore noted but they were not studied further.  
4.6.1 The insecticidal metabolites 
Beauvericin 
Beauvericin when fragmented produces fragment ions at (m/z) 261 and (m/z) 522 (Logrieco et al., 
1998). This was observed for beauvericin and all analogues that were fragmented in this study such as; 
basic beauvericin (m/z) 784, beauvericin H (m/z) 802.5, beauvericin A (m/z) 798, and beauvericin B 
(m/z) 812. The fragmentation patterns of two other metabolites contained in the same fraction, (m/z) 
782.6 and (m/z) 820, showed no fragment ions at (m/z) 261 and (m/z) 522 which confirmed they were 
not beauvericin, despite being found consistently in the beauvericin-containing fractions. The mass ion 
(m/z) region of beauvericin and varieties is observed between (m/z) 784 to (m/z) 830. 
Beauvericin A and F share the same mass ion at (m/z) 798. The fragmentation pattern for beauvericin 
A was as described in Figure 4.15 but not all the fragment ions reported were observed for the 
beauvericin A in this project. Therefore it could be a beauvericin F.   
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Beauvericin (m/z) 784 from this study was fragmenting like the technical beauvericin from Sigma-
Aldrich. The purified beauvericin of K4B4 was demonstrating mild contact insecticidal activity whereas 
the technical standard did not. The source of the technical beauvericin from Sigma-Aldrich was not 
stated by the manufacture on the label. Common sources of beauvericin would be from B. bassiana 
and many species in the fungal genus Fusarium (Logrieco et al., 1998). Beauvericin in general was not 
reported to act as a contact insecticide. The direct lethal effect of beauvericin in insects was questioned 
(Khachatourians and Arora, 2001) for it was not detected in the haemolymph of 90% corn earworm 
larvae (H. zea) infected by B. bassiana (Champlin and Grula, 1979). When 6 µg of beauvericin was 
injected into the haemolymph of adult blowflies (Calliphora erythrocephala) and corn earworm larvae, 
the insects didn’t die (Champlin and Grula, 1979). Ingestion of beauvericin by mosquito larvae (Culex 
pipiens autogenicus) however damaged the epithelium of the midgut with intensive vacuolization of 
cells and visible damage to mitochondria, membranes and nuclei (Zizka and Weiser, 1993). Perhaps 
the excreted gut by Culex pervigilans larvae in Chapter 3 was due to beauvericin present in the mycelial 
extract of K4B3. Beauvericin was also toxic to brine shrimps Artemia salina with LD50 of 2.8 µg ml-1 
water (Moretti et al., 2007). Its ionophore ability, forming Na+ and K+ complexes, enables it to increase 
the permeability of artificial and biological membranes effectively and pass through the membranes 
(Ovchinnikov et al., 1971). It is appropriate, therefore, to conclude not all insects are affected by 
beauvericin (Champlin and Grula, 1979). Its toxicity was thought to vary depending upon the insect 
species and stage tested (Khachatourians and Arora, 2001). In this project, the green peach aphids M. 
persicae were sensitive towards fractions containing beauvericin and its different analogues through 
contact. Preliminary 1D NMR showed similar structure to the technical beauvericin with some 
additional signals. Further 2D-NMR will have to be carried out to ascertain if the beauvericin of K4B3 
is structurally different from the technical beauvericin of Sigma-Aldrich.  
Apart from producing different analogues of beauvericin, K4B3 produced beauvericin and its analogue 
beauvericn A and B in large amounts (Figure 4.25 and 4.30). B. bassiana is a non-host specific pathogen 
(Strasser et al., 2000a) and hence there could be a necessity to produce a diversity of metabolites 
including different analogues of a given toxin. Still, the production of such high quantities of 
beauvericins with slight changes in structures and functional group appears costly and redundant. 
Individually, they were moderately insecticidal as observed in K4B3 via contact and by others via 
injection (Gupta et al., 1995; Kanaoka et al., 1978; Suzuki et al., 1977). They were moderate antifungal 
(Wang and Xu, 2012) and antibiotic (Xu et al., 2008) but were strong anti-viral agents (Shin et al., 2010). 
The relatively low biocidal activity of beauvericins may partly be compensated through quantity 
produced in K4B3. They could also be produced in abundance to work in synergy among the different 
analogues and along with other metabolites to elicit stronger biocidal activity (Cechinel-Filho, 2012). 
In a High Throughput Synergy Screening assay using 20,000 microbial extracts, beauvericin 
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dramatically synergized the ketoconazole fungicidal activity against diverse fungal pathogens. 
Ketoconazole alone shows little detectable fungicidal activity. Beauvericin might synergize with other 
metabolites and enhance the insecticidal activity but this will have to be tested. 
Bassianolide 
The metabolite detected at (m/z) 909.6 closely matched the reported bassianolide except for the 
difference in relative intensity of all fragment ions. As little as 7.5 µg (in 1000 ppm crude extract) of 
bassianolide was sufficient to kill aphids effectively via contact. No published records have reported 
contact activity of bassianolide. Most records on the insecticidal activity of bassianolide were from 
bassianolide injected into insects or added into insect feed. Fifth instar larvae of the silkworm B. mori, 
died at a lethal dose of more than 5 µg larva-1 when injected with a water-based bassianolide 
suspension (Kanaoka et al., 1978). When bassianolide was added to the artificial diet at 13 ppm and 
fed to the larvae, they died after four days (Kanaoka et al., 1978; Suzuki et al., 1977). Corn earworm 
larvae were paralyzed shortly after injections of bassianolide into their haemolymph (Champlin and 
Grula, 1979). Silkworms infected by B. bassiana were also found containing bassianolide (Suzuki et al., 
1977). The contact insecticidal activity of bassianolide (in water or organic solvent) against aphids in 
this study, was most likely due to its relatively hydrophilic interior and hydrophobic exterior structure 
(Kanaoka et al., 1978; Suzuki et al., 1977) allowing it to permeate across lipophilic insect cuticle. 
Fractions containing bassianolide were more insecticidal compared to beauvericins at the same 
concentration (Table 4.3) in this study.  Though the 1D NMR analysis of bassianolide was not successful, 
the fragmentation pattern obtained by MSMS was sufficient to draw the conclusion that bassianolide 
was produced by K4B3.  
Beauverolides  
The presence of an immonium ion at (m/z) 139 or (m/z) 167 indicates the presence of hydroxy-
methyloctanoyl and hydroxy-methyldecanoyl residues corresponding to a beauverolide (Bekker et al., 
2013). The presence of additional immonium ions at (m/z) 72, 86, 86, 104, 120, 136 and 159 indicates 
the presence of certain amino acids, valine, leucine and isoleucine, methionine, phenylalanine, 
tyrosine and tryptophan respectively (Falick et al., 1993; Papayannopoulos, 1995) constructing a 
beauverolide (Bekker et al., 2013).  
The mass ion (m/z) 544 was observed with similar fragmentation patterns as the reported 
beauverolide B, C31H49N3O5: 544, 526(1), 516(25), 431(73), 413(3), 284(1), 266(4), 238(1), 279(100) 
(Bekker et al., 2013; Jegorov et al., 2004). Similarly for beauverolide E, C29H45N3O5:  (m/z) 516.3 
(Jegorov et al., 2004) and beauverolide F, C33H45N3O5: (m/z) 564.3 (Jegorov et al., 2004). 
In fact, beauverolide-like mass ions (m/z) were seen and suspected in many occasions in this study. 
The suspected beauverolides were the following mass ions (m/z) at 377.3, 395.3, 439.3, 443.3, 453.3, 
 115 
455.3, 478.3, 481.3, 486.3, 487, 498.38, 500.3, 502.3, 504.3, 520.3, 526.5, 530.3, 538.3, 540.3, 541.29, 
566.3, 580.3, 586.3, 603.3, 604.4, 625.3, 631.3, 645.3, 682.3, 700.3. The majority of beauverolides and 
beauverolide-suspects produced by K4B3 in submerged culture were akin to beauverolides produced 
by a B. bassiana in the presence of live ant muscle tissues but not brain tissues (Bekker et al., 2013) 
(Table 4.10).  
Table 4.10. Possible beauverolides (highlighted in orange) detected from K4B3, compared to the 
secreted beauverolides in ex vivo culturing systems using muscle and brain tissues of ants (highlighted 
in yellow) (Bekker et al., 2013). 
[M+H]+ beauverolide Brain Muscle K4B3 
482.3261 (Bekker et al., 2013)       
488.2894 (Bekker et al., 2013)      
500.3652 (Bekker et al., 2013)     suspect 
510.3574 (Bekker et al., 2013)       
514.3808 (Bekker et al., 2013)       
516.3432 E     Figure 4.36 
528.3965 (Bekker et al., 2013)       
530.3588 (Bekker et al., 2013)     suspect 
532.3426 (Bekker et al., 2013)      
544.3745 B     Figure 4.29 
558.3902 (Bekker et al., 2013)       
560.3739 (Bekker et al., 2013)       
564.3872 F      Figure 4.37 
576.4405 (Bekker et al., 2013)      
580.3866 (Bekker et al., 2013)     suspect 
592.4073 C       
603.4239 J     suspect 
608.4067 (Bekker et al., 2013)      
615.466 (Bekker et al., 2013)       
631.444 K     suspect 
 
Beauverolides were not pursued for further investigation in this research even though they were 
detected as fractions containing them did not show direct contact insecticidal activities against aphids. 
Various biological tests have indicated that beauverolides do not exhibit bactericidal, fungicidal or 
direct insecticidal effects but act more on the insect immunomodulation (modifying the immune 
system) (Jegorov et al., 2004; Kuzma et al., 2001). This very role of beauverolides is logical for K4B3 as 
the isolate is capable of infecting DBM caterpillars rapidly and efficiently. The high amount of different 
beauverolides detected by chance in the mycelial extract aligns with B. bassiana’s need to infect 
without fail as a non-host specific pathogen.   
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Unidentified mass ions 
Fraction 4 from the LH20 experiment contained no bassianolide (m/z) 909.6 but traces of beauvericin 
(m/z) 784. The intriguing reason for its insecticidal activity prompted it to be fractionated on HPLC. It 
showed high bioactivity at 15th min repeatedly. The MS scan of the fraction showed no presence of 
depsipeptide but the presence of (m/z) 196, 387, 415, 437 and 453. The mass ion (m/z) 453 has an 
immonium ion tryptophan (m/z) 159, but lacks the immonium ions described for a beauverolide. This 
has not been further pursued. 
4.6.2 The process 
Extraction 
Drying (through a freeze dryer or air) and pulverising the mycelia as a first step increased the surface 
area, expedited the extraction process of metabolites using organic solvents like ethyl acetate or 
hexane. Oven-dried mycelia formed a solid surface which prevented solvent extraction. The presence 
of water on wet and intact mycelium prevented hydrophobic solvents from penetrating. MeOH and 
other alcoholic solvents which are miscible with water presumably rupture cell membranes and extract 
a greater amount of polar metabolites and endocellular materials (Colegate and Molyneux, 2007). 
They are, therefore, used to extract metabolites from wet mycelium directly. The downside of MeOH 
is it is not selectively extracting metabolites but adds to the extract impurities and then requires 
additional work of removing them. With dried material, ethyl acetate or low-polarity solvents will only 
rinse or leach the sample, providing to some extent a ‘cleaner’ crude extract (Colegate and Molyneux, 
2007). Preliminary study showed no hydrophilic insecticidal metabolites were found from the 
mycelium. The extraction process in the future could just focus on using ethyl acetate (EA) from dried 
and pulverised mycelia.  
Separation  
The aim of the separation is to purify a substance by leaving behind impurities. Two main separation 
processes were used; (i) separation based on the polarity of the metabolites and (ii) the molecular size 
of the metabolites (Colegate and Molyneux, 2007). The first process immobilised all extracted 
metabolites on a substrate (silica gel) and gradually eluted the metabolites from the substrate 
according to their affinity to the different solvent systems. In this study, the insecticidal metabolites 
were mostly eluted from the mycelial extract using a solvent system of 70% hexane and 30% diethyl 
ether. These insecticidal metabolites were thus non-polar metabolites. The use of silica gel, however, 
has its downside. Silica gel-based supports frequently can irreversibly retain polycyclic ethers, 
brevetoxins and some cyclic peptides and cannot be desorbed even with polar solvents (Colegate and 
Molyneux, 2007). The use of a second process, differing from the first approach, relying on size 
exclusion was crucial. It helped to confirm that all insecticidal metabolites were eluted from LH20, and, 
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in this project, all metabolites of interest were eluted in the first few fractions collected. The other 
coloured metabolites, including the red metabolites, moved down the LH20 slowly and were not 
insecticidal. LH20 fractions showed beauvericins were abundant, eluted first, and bassianolide came 
in together with the beauvericins. There were no other obvious insecticidal metabolites. This study 
therefore recommends the use of LH20 resin to collect semi-pure insecticidal metabolites. Separation 
of semi-pure metabolites using size exclusion technique (LH20) was easier and faster than immobilising 
them on substrate (silica gel) and eluting using solvents of different polarity. Both techniques reduced 
impurities and provided concentrated amounts of insecticidal material for further purification.  
Analytical and semi-preparative HPLC  
Bioassays using insects, unlike microbes, require a higher amount of purified material to demonstrate 
bioactivities. Analytical fractionation on HPLC did not provide the required amount unless the column 
was overloaded with a concentrated semi-pure sample. Separation of peaks was still possible but with 
broad peaks. The purity could be compromised. Yet the fractions collected were sufficient to provide 
decent amounts for meaningful bioassays, pinpointing the exact insecticidal peak(s). The bioactivity 
was clearer as well when the collection were carried out 2-3 times and pooled.  
The analytical column used in HPLC is not designed for major collections. A semi-preparative column 
was thus purchased to handle to the load of semi-pure samples separation and purification. Assisted 
by a fraction collector, pure metabolite(s) estimated at 300 mg from 1 ml fractions were able to provide 
toxicity assay on aphids. The rest of the purified material could be used for MS analysis.  
HPLC gradient system 
A HPLC gradient system was chosen to elute the metabolites gradually with the polar metabolites 
eluting first and the non-polar metabolites eluting as the column was saturated with more non-polar 
solvents. Trial and error showed the metabolites would only elute efficiently when the MeCN reached 
95% at the 22nd min and kept at this concentration for 7 min. This system was modified to enable all 
the insecticidal non-polar metabolites to elute without overlapping. One recommendation however 
would be to prolong the 95% MeCN hold to 10 min to elute any insecticidal metabolite that were less 
polar than bassianolide (Figure 4.22). It could be there was another insecticidal metabolite which was 
not effectively separated using the current gradient system. This final peak was believed to contain a 
mixture of 'junk' material. The mixture of metabolites of this peak could have contributed to the high 
insecticidal activity observed but there is another possibility that it just needs some adjustment to the 
gradient system to elute another pure insecticidal metabolite. 
Polarity 
The polarity of the insecticidal metabolites identified so far could be assessed via the order they were 
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eluted on a RPC18 column. Polar metabolites were eluted first followed by nonpolar metabolites. The 
polarity of the insecticidal metabolites from the most polar to the least polar is as follows: beauvericin 
H1, (m/z) 802.5 (32% of aphid mortality), beauvericin (m/z) 784 (33%), beauvericin A, (m/z) 798 (16%), 
beauvericin B (m/z) 812 (4.2%), bassianolide (m/z) 909.6 (77%). General MS scan 
The general MS scan from (m/z) 50 - 1400 showed bassianolide was the largest insecticidal metabolite 
from the semi-pure mycelial extract. No oosporein (m/z) 306 (Ross et al., 1989) was selected for 
observation partly because it was never encountered in insecticidal fractions or reported as having 
insecticidal activity on its own. In addition, oosporein is normally detected in negative mode like 
organic acids.  
4.7 Conclusion 
There were no previous records of beauvericins and bassianolide acting as contact poisons against 
aphids. This is the first record of insecticidal activity via contact demonstrated by bassianolide and 
different analogues of beauvericins present in the mycelial extract from K4B3. Bassianolide was the 
most insecticidal of all the metabolites observed, accounting for the high mortality in aphids at a 
quantity as low as 9000 ppm in a 1 mg ml-1 crude mycelial extract. Eventhough toxicity of bassianolide 
to animals and plants is not well studied (Flor and Minnesota, 2006), there are no records of 
bassianolide being harmful to human or the environment in the literature (Vey et al., 2001). It has 
therefore potential to be used as direct contact insecticide spray be it in water formulation or 
emulsion. What beauvericin lacks in strong insecticidal and microbial activity was made up for via its 
different analogues and abundance. Other than beauvericin and bassianolide, the insecticidal activity 
from the mycelial extract was also attributed to a few unidentified metabolites. The antimicrobial 
activities might be attributed to the abundant oosporein produced by K4B3 (analysed by Cawthron 
Institute, Nelson). The diversity of beauverolides observed in the mycelial extract of K4B3 could explain 
the success of K4B3 as infective fungus in defeating the immune system of insects with speed and 
efficiency, however this was not investigated. In additional to identifying the insecticidal metabolites, 
size exclusion technique via LH20 resin was found suitable to extract all insecticidal metabolites from 
mycelial rapidly in one or two earlier fractions. The process enabled the collection of semi-pure 
metabolites for further assays and purification. The fundamental work thus was laid down with a list 
of metabolites observed from K4B3 constructed for future references and further work on K4B3 or 
other isolates.  
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Chapter 5 
Insecticidal supernatant of K4B3 
5.1 Introduction 
As reported in Chapter 3, cell-free supernatant from a four-day-old culture when added with 0.1% 
Tween 80 killed aphids efficiently. When 2 l of this cell-free supernatant was added to 1000 l water 
and formulated, strong insecticidal activity was also demonstrated in the field. Silverleaf whitefly 
Bemisia tabaci were knocked down within 48 h (Biotelliga, unpublished data). The toxicity of 
supernatant to brine shrimp (Chapter 3) indicated the presence of a fast-killing toxin(s) which was 
more effective than mycelial extract of K4B3 against this target. 
The biosynthesis medium used to grow K4B3 is a nutrient-rich medium resembling the natural 
conditions inside insect haemolymph (Jennings, 1990). Entomopathogenic fungi produce insect toxic 
secondary metabolites inside mycelia (Konstantopoulou and Mazomenos, 2005) and export them into 
the supernatant, mimicking when the fungus was inside the haemolymph (Safavi, 2013). In order to 
withstand the competition against other microbes and immune system of the host, a diversity of 
metabolites would be released into the haemolymph. The notion that B. bassiana is a non-host specific 
fungus suggests that a greater range of metabolites and analogues are produced. In most cases, only 
toxic metabolites and those of secondary importance to the cells are exported out from the mycelium.  
The metabolites secreted, enabled the fungus to emerge from its host, as the dominant pathogen 
(Strasser et al., 2000a). Quantities of these metabolites secreted into nutrient media, however, are 
usually much more than produced in vivo (Strasser et al., 2000b).  
Interestingly, research on fungal supernatants particularly of B. bassiana was of lower priority 
compared to fungal mycelial extracts (Gupta et al., 1995) and the supernatant of B. bassiana in some 
studies was discarded (Xu et al., 2007). Metabolites in the supernatant of Beauveria were usually 
extracted and fractionated via organic solvents based on their polarity (Bohlmann et al., 2014; Zi et al., 
2012). In a biotransformation of the anti-cancer product piperlongumine using an isolate of B. 
bassiana, most of the product was in the EA extract of the supernatant and not in the mycelial MeOH 
extract (Zi et al., 2012). In an assessment against adult fruit flies, MeOH extract of cell-free supernatant 
of two saprophytic fungi, Mucor hiemalis and Penicillium aurantiogriseum, incorporated into the 
feeding test were toxic (Konstantopoulou and Mazomenos, 2005).  
In this chapter, cell-free supernatant of K4B3 culture was checked for the presence of insecticidal 
metabolites via MS, guided by bioassays using aphids and DBM caterpillars.  
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5.2 Nonribosomal peptides as insecticidal metabolites in the supernatant 
5.2.1 Background 
Very little information was found on the secretion of nonribosomal peptides (NRP) bassianolide and 
beauvericin into supernatant. Earlier findings in Chapter 4 showed that these NRPs were insecticidal 
at a low concentration. The present study was therefore designed to determine the presence of the 
NRPs, beauvericin and bassianolide, and the influence they might have on aphids and DBM caterpillars. 
They were also quantified via the established UPLC approach. 
5.2.2 Materials and methods 
Shaker flask filtered supernatant 
A flask of 6 l containing 1 l K4B3 culture was grown for five days as described in Appendix A.1.2. The 
supernatant of the product labelled ‘SF050’, was filtered through a 0.2 µm filter (Sartorious) and 
processed as described in Figure 5.1. The pH of the original supernatant was 4.0.  
 
Figure 5.1. Workflow on the supernatant of SF050 investigating the NRP insecticidal metabolites 
guided by bioassays (yellow boxes) using aphids and DBM caterpillars. MS= mass spectrometry. 
MS analysis on BuOH extract of supernatant 
Two hundred and fifty ml of the filtered supernatant SF050 was mixed and shaken well with 250 ml 
BuOH in a separating funnel for 5 min. Occasionally, the air pressure in the funnel was released by 
opening the valve at the other end of the funnel. The solution was left idle for 15 min on the retort 
stand to separate into two layers; the BuOH layer on top of the aqueous (Aq) layer. Both layers were 
removed from the funnel separately. The BuOH layer was concentrated to dryness using a rotary 
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LH20 in MeOH  
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 121 
evaporator at 60°C. Approximately 445 mg was obtained and stored at 8°C. The BuOH crude extract 
was diluted in MeOH (1/100) and analysed on a MS in ESI positive ion mode. The spectrum was 
acquired over a mass range from (m/z) 300-1000.   
Fractionation of the BuOH extract on a size exclusion chromatography LH20 resin column 
BuOH extract (445 mg) was placed on top of an 18 ml Sephadex LH20 resin (Sigma-Aldrich) column (20 
x 1 cm) activated with MeOH and a constant supply of fresh MeOH was passed through the extract 
from the top. The valve at the other end was opened to discard approximately the first 9 ml of effluent 
from the column. Immediately after the 9 ml effluent, consecutive 2 ml samples of effluent were 
collected in 36 centrifuge tubes. The collected effluents were dried, weighed and re-suspended in 1 ml 
MeOH for bioassays on aphids and DBM caterpillars. A single red fraction obtained was further tested 
against a group of fungi; Botrytis cinerea, Sclerotinia sclerotiorum, Trichoderma sp., Aspergillus sp. and 
Penicillium sp. via disc diffusion assay as described in 3.2.3. 
Aphid repellency assay and DBM caterpillars drench assay 
Young cabbage leaf discs of 1 cm diameter were applied with 20 µl fraction re-suspended in MeOH 
from above and left to dry for 30 min on the lid of a petri dish. Approximately 200 aphids were placed 
onto clear areas of the lid. The lid was then closed by placing a water agar plate on top to provide 
moisture within (Figure 5.2). Aphids were left to choose the leaf discs to crawl onto and feed. The 
numbers of aphids on the leaf discs were noted after 24 h. The control leaf discs were treated with 
MeOH and dried prior the assay. Each treatment consisted of two replicates. Fractions applied on leaf 
discs that aphids avoided were tested against DBM caterpillars as described in 2.2.2 and the most toxic 
fraction against DBM caterpillars were analysed by MS. 
 
Figure 5.2. A choice assay offered to aphids (A) using cabbage leaf discs treated respectively with 
different fractions from K4B3 supernatant.  
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HPLC on an insecticidal fraction from the LH20 column 
The most insecticidal fraction was subjected to further fractionation (two times) on HPLC on an 
analytical C18 column with flowrate at 1.2 ml with collection. The HPLC parameters were as described 
in Figure 4.27. The collected fractions were tested against DBM caterpillars. 
Quantification of beauvericin and bassianolide in a filtered supernatant  
A five-day-old K4B3 flask culture grown using parameters as described in Appendix A.1.2 was 
centrifuged at 5000 rpm for 15 min. The supernatant was filtered through 0.2 µm filter (Sartorious) 
and analysed as described in 4.4.2 via the UPLC-MS. Four g of supernatant in a 20 ml volumetric flask 
was added to volume using MeOH. The sample was mixed and inverted every 15 min for 60 min. It was 
then transferred to a 15 ml Falcon tube and centrifuged at 3,000 x g for 5 min. The supernatant was 
decanted and diluted 1/10 MeOH (100 µl + 900 µl MeOH) directly in a vial and cap with pre-split septa. 
The amount of beauvericin and bassianolide in the supernatant was quantified using the available 
standards (4.4). 
5.2.3 Results 
The supernatant (250 ml) of a five-day-old flask of K4B3, labelled SF050, was collected by filtering 
and BuOH solvent separation. The BuOH tested against aphids and DBM caterpillars and fractionated 
through LH20 resin. The BuOH phase was subjected to MS for metabolite identification (Figure 5.3).  
  
Figure 5.3. A general outline of the analysis of SF050 supernatant from K4B3. 
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MS analysis on BuOH extract 
The general MS profile revealed the presence of ammonium abduct of beauvericin [783.4+NH4]+ (m/z) 
801.5, at a lower intensity (ten times) compared to the beauverolides (Figure 5.4).  Beauverolide I or 
III, (m/z) 487, beauverolide N, (m/z) 504.3 and mass ions of Fraction 4 from Figure 4.45; (m/z) 387, 
415, 437 and 453 were also present (Figure 5.5). Ammonium abduct of beauvericin [783.4+NH4]+ (m/z) 
801.5, beauvericin A [797+NH4]+ (m/z) 815, beauvericin H [801.4+H]+ (m/z) 802.4 and bassianolide 
[908.6+NH4]+ (m/z) 926.7 were also detected (Figure 5.6). The identity of the metabolites were 
confirmed via MSMS fragmentation pattern (Figure 5.7)(Kuzma et al., 2001). 
 
Figure 5.4. MS scan from m/z 300-1000 of the butanol extract of the supernatant. The ammonium 
adduct of beauvericin m/z 801.5 was visible (circled) but not as intense as the other ions.  
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Figure 5.5. MS scan from (m/z) 300-650 of the butanol extract of the supernatant. Beauverolides; 
beauverolide I or III, (m/z) 487 and beauverolide N, (m/z) 504.3 and mass ion of fraction 4 from Figure 
4.45; (m/z) 387, 415, 437 and 453 (circled). 
 
Figure 5.6. MS scan from (m/z) 600-1000 of the butanol extract of the supernatant. Ammonium adduct 
of beauvericin (m/z) 801.5, beauvericin H (m/z) 802.4, beauvericin A (m/z) 815 and bassianolide (m/z) 
926.7(circled). 
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Figure 5.7. MSMS data [M+H]+ confirming the presence of beauverolide (m/z) 487 (A), beauvericin A 
(m/z) 798 (B), beauvericin (m/z) 784 (C), and bassianolide (m/z) 909.6 (D).  
 
C 
D 
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Fractionation of BuOH extract and assay 
A sequence of fractions; yellow, colourless, red purple and colourless, were collected using the MeOH 
activated LH20 column (Figure 5.8). These fractions were used to treat cabbage leaf discs in an aphid 
choice assay. Less than two aphids moved onto the leaf discs treated with 20 µl of Fractions 2, 7, 9, 14, 
19, 22 and 25 (Figure 5.8). The strongest avoidance was observed from the colourless fraction (13-17) 
between the yellow and the red purple fractions. The fractions that resulted in the strongest avoidance 
response were tested in bioassays against DBM caterpillars (Figure 5.9). Fraction 9 and 14 showed the 
highest DBM caterpillars mortality (60% and 50% respectively).   
 
Figure 5.8. Number of aphids Myzus persicae which settled on leaf discs treated with fractions collected 
from LH20 column after 24 h (a). Leaf disc that aphids avoided (b). Untreated control leaf disc (c). 
 
Figure 5.9. Bioassay against caterpillars Plutella xylostella of LH20 fractions which repelled aphids 
(Figure 5.8) (N=10).  
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Selected LH20 fractions 
Beauvericin A (m/z) 798 was detected in Fraction 9 from Figure 5.9 (Figure 5.10). Selected mass ions 
from Fraction 9; (m/z) 378, 407, 424, 441, 453 and 521 were further MSMS fragmented. Mass ions at 
(m/z) 378, 407, 424, and 453 were similar as they share the same fragment ion (m/z) 227 (refer 
Appendix A.4.1). Fraction 9, which was further fractionated via HPLC (twice), showed only collection 
at the 2nd min (Figure 5.10) killed DBM caterpillars (10%). All other fractions caused no mortality.  The 
original sample killed 60% of DBM caterpillars, so it is not clear why toxicity of the individual fractions 
was less. 
MS of Fraction 14 from Figure 5.9 showed the presence of beauvericin (m/z) 784, beauvericin A (m/z) 
798 and bassianolide (m/z) 909.6 (Figure 5.12) in the white powder. No further fractionation work 
was carried out on Fraction 14. 
Fraction 25 (Figure 5.9) was a red-purple colour. This fraction was subjected to HPLC fractionation. A 
single coloured metabolite was detected at 16-17th min in the UV wavelength at 205, 210, 254, 287 
and 450 nm (Figure 5.12). The purified metabolite (dried and re-dissolved in water; 100 mg ml-1) did 
not kill DBM caterpillars and aphids. The metabolite was also tested against a range of fungi and it was 
not active against Botrytis cinerea, Sclerotinia sclerotiorum, Trichoderma sp., Aspergillus sp. but 
inhibited Penicillium sp. weakly. 
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Figure 5.10. MS spectral for Fraction 9 which repelled aphids, with beauvericin A (m/z) 798.4 (circled). 
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Figure 5.11. HPLC detection of Fraction 9 from Figure 5.9. The peak at 2nd min (arrow) using 205 nm 
was active in a DBM caterpillars bioassay. 
 
Figure 5.12. MS analysis of Fraction 14 from Figure 5.9. The ammonium adduct of beauvericin 
[783.4+NH4]+ (m/z) 801.5, beauvericin A [797+NH4]+ (m/z) 815 and bassianolide [908.6+NH4]+ (m/z) 
926.7 were present. 
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Figure 5.13. HPLC spectrum of Fraction 25 from LH20 of Figure 5.9 showing a single peak detected at 
16th and 17th min (red-purple) at 205, 210, 254, 287 and 450 nm.  
Quantification of beauvericin and bassianolide in a filtered supernatant 
The presence of beauvericin and bassianolide in the supernatant of a five-day-old K4B3 culture was 
low (Figure 5.14).  
 
Figure 5.14. Quantity of metabolites in the supernatant of a five-day-old flask culture of K4B3. 
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5.3 Boiled broth, supernatant, bioassay and polar compounds 
5.3.1 Background 
The process of freeze drying a large volume of broth material was laborious and costly. Boiling the 
broth material is one other method of concentrating the material. The stability of the insecticidal 
metabolites when boiled was unknown but Cordyceps used in traditional Chinese medicine were 
commonly boiled in water like herbal plants (Koo et al., 2003) without losing its medicinal properties.  
5.3.2 Materials and methods 
Origin of boiled sample and solvent extraction 
Biotelliga staff boiled a batch of K4B3 for 3 h, reducing the volume from 1 l to approximately 400 ml. 
The material was tested for insecticidal activity at Lincoln University. Surprisingly, the tested insects 
were killed using the boiled sample. The supernatant (300 ml) was separated from the mycelia and 
extracted using an equivalent volume of ethyl acetate for 3 times. Both the organic extract and 
aqueous layer were both still insecticidal. The 300 ml aqueous layer was freeze dried. A normal phase 
chromatography (NPC) using a column of silica gel Merck-60 was performed on the freeze dried 
aqueous extract. The procedure for processing is shown in Figure 5.15. 
 
Figure 5.15. Processing of the boiled sample of K4B3. The aqueous phase was separated on a NPC silica 
gel 60 column chromatography eluted sequentially starting with the least polar (hexane). The collected 
fractions collected were dried and re-suspended in methanol, then bioassayed against aphids. Active 
fractions were further fractionated using both LH20 and HPLC and the insecticidal metabolite analysed 
on MALDI-TOF-MS and UPLC-MS. 
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Sequential fractionation of aqueous extract on a NPC 
Nine g of freeze dried aqueous extract was placed on top of a 20 g silica gel Merck 60 column saturated 
in hexane. The valve at the bottom of the column was opened to collect the fractions. A series of 
organic solvents (volume similar to the volume of the silica gel column (24 ml)) from the least polar to 
the most polar; hexane, ethyl acetate, chloroform, dichloromethane, ethanol and methanol and lastly 
water were passed through the extract gently each time without disturbing the extract on the top of 
the column. One ml of the collected fractions were dried and resuspended in 1 ml methanol for 
bioassay (Figure 5.15). 
Separation of active fraction from NPC on LH20 column 
The active ethanol fraction (210 mg) was further purified on an 80 ml LH20 column activated in 
methanol (MeOH). Twenty one sub-fractions were collected, each approximately 5 ml in volume. One 
ml from each sub-fraction were dried and re-suspended in 500 µl MeOH for bioassay against aphids.  
HPLC fractionation of active fraction from LH20 column 
Insecticidal fractions from LH20 were fractionated on HPLC using a Phenomenex Prodigy C18 column 
(250 x 4.6 mm, 5 µm). A gradient system consisting of ‘A’ mobile phase, water with 0.1% trifluoroacetic 
acid (TFA) and ‘B’ mobile phase, acetonitrile (MeCN) with 0.1% TFA were used (Figure 5.16). The B 
mobile phase was gradually increased from 2% from 0th min to 30% by the 30th min. The B% was 
increased to 95% in 2 min then back to 2% by the 35th min. The flow was 1.2 ml and stopped by the 
40th min (Figure 5.16). The UV detector was set at 210, 230, 254 and 280 nm. The aqueous phase was 
loaded in 100 µl of phase A. The injection volume was 100 µl. The peaks were collected in 1.2 ml for 
each minute. All 40 HPLC fractions collected were freeze dried and re-suspended in 500 µl MeOH and 
tested against aphids. Bioactive HPLC fractions were sent for MS analysis. 
                      
Figure 5.16. HPLC gradient system used to separate active fraction from LH20 column.  
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Mass spectral analysis on active fraction from HPLC 
The active fractions were analysed at AgResearch using matrix assisted laser desorption ionization 
(MALDI) coupled to time of flight mass spectrometry (TOF-MS). Samples were prepared as follows: 1 
μl of the active fraction in MeCN was mixed with 1 μl of a 1 M-solution of 2,5-dihydroxybenzoic acid 
(DHB) prepared in water–MeCN (50/50, v/v) acidified with 0.1% trifluoroacetic acid (TFA). One μl of 
the mixture was then spotted on a MALDI sample plate and evaporated. MALDI-TOF-MS analyses were 
carried out on a Bruker mass spectrometer (Bruker, Germany) equipped with a nitrogen pulsed laser. 
The laser output energy was 400 μJ pulse-1. The reflector voltage was 23 kV. Positives ions were 
accelerated at 20 kV with an extraction delay of 200 ns. Mass spectra were manually acquired in the 
range 0 to 2000 Da. 
Polar metabolite purification on amide-80 HILIC column 
The active fraction from HPLC was also sent to Cawthron Institute for further purification using Waters 
Acquity BEH C18 UPLC column (1.7 µm; 50 x 2.1 mm) and an amide-80 hydrophilic interaction liquid 
chromatography (HILIC) column on a Waters I-class UPLC system. The reverse phase mobile phase was 
0.1% acetic acid (HOAc) in water. The HILIC column was eluted with a gradient, mobile A = 0.1% HOAc, 
mobile B = 90% Acetonitrile (MeCN) 30 mM formic acid with 2 mM ammonium formate CHOONH4. The 
parameters were set at 0 min 80% B and increased within 5 min to 100% B and held to 6 min. A UV 
and evaporative light scattering detector (ELSD) were used to detect peaks. Mass spectrometry was 
also carried out on a Quattro Ultima (Micromass) in ESI positive ion mode. The active fraction was 
dissolved in 1 ml of pure water. Twenty μl was diluted with 980 μl of 0.1% acetic acid. A blank control 
sample of 0.1% acetic acid was infused at 10 μl min-1 and a spectrum was acquired from 50-1500 amu.  
Toxicity of sugars in MeOH to aphids 
Following the observation that early eluting sugar containing fractions were toxic to aphids, direct 
toxicity of various sugar-MeOH combinations was investigated.  One ml of MeOH was added with 100 
mg of glucose, fructose, sucrose and maltose (Scharlau) respectively. The solution was shaken well and 
300 µl of each solution was bioassayed against aphids using the standard procedure (2.2.1). The aphids 
were monitored for mortality. A blank 300 µl MeOH was used as control.  
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5.3.3 Results 
Sequential fractionation of aqueous extract on a NPC 
Sequential separation on the NPC column resulted in several fractions containing compounds capable 
of killing aphids (Figure 5.17). Aphids were mostly killed after treatment with DCM, ethanol and 
methanol fractions. The insecticidal activity of the EA fraction obtained from the silica gel Merck 60 
column was 3 times lower than the organic EA layer retrieved from the supernatant of the boiled 
sample (Figure 5.15). The ethanol fraction resulted in flattened aphid cadavers, but the methanol 
fraction, although killing aphids, did not flatten the cadavers (Figure 5.18). There was a low insecticidal 
activity from the water fraction. 
 
Figure 5.17. Mortality of aphids Myzus persicae treated with resuspended samples from the NPC 
solvent separation of the aqueous phase from the boiled sample of K4B3.  Mortality was recorded 17 
h after spraying. N=30.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.18. Aphids Myzus persicae treated using EtOH and MeOH fractions.  A) EtOH fraction 
treatment resulted in pressed (flattened) cadavers and (B) MeOH fraction treated aphids remained 
succulent. Fractions as shown in Figure 5.17. 
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Separation of active ethanol fraction from NPC on LH20 column 
The most active NPC fraction was from ethanol.  A total of 210 mg of ethanol fraction was obtained. 
The fraction subjected to a LH-20 column produced 21 sub-fractions.  Fractions 5, 6, 7 and 8 showed 
bioactivities (Figure 5.19). They were checked using HPLC. The chromatograms showed many different 
peaks (Figure 5.20) and the decision was made to fractionate Fraction 6 alone, with the highest activity.  
 
Figure 5.19. Mortality of aphids Myzus persicae treated with LH20 sub-fractions of the ethanol sample 
from the NPC column, of the boiled sample aqueous phase. N=30. 
 
Figure 5.20. HPLC chromatograms of fraction 5, 6, 7 and 8 of ethanol fraction from LH20 column.  
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HPLC fractionation of active LH20 Fraction 6  
The 3rd and 4th min HPLC fractions killed all aphids almost instantly (Figure 5.21) at 36,400 ppm and 
40,000 ppm. Over 50% aphids died when treated with HPLC fractions at 21st, 31st, 34th and 35th min. 
No aphids died from control treatment (MeOH spray).    
 
Figure 5.21. Mortality of aphids Myzus persicae after treatment with HPLC fractions of LH20 Fraction 
6 from the original aqueous phase of the boiled sample. C=MeOH.    
Mass spectral analysis of active HPLC fraction  
The 3rd min fraction was purified (Figure 5.22) and the mass spectrum was obtained on a MALDI-TOF-
MS at AgResearch as described. The 3rd min HPLC fraction of the 6th sub-fraction from LH20 of the 
ethanol fraction from NPC showed major mass ions observed for (m/z) 621.9, 713.1, 757.1, 881.2, 
1111.5, 1263.5 and 1375.6 (Figure 5.23). The MALDI-TOF-MS analysis of the 3rd min HPLC fraction of 
the ethanol fraction directly from NPC (without going through LH20) showed major mass ion for (m/z) 
628, 650, 656, 777.1, 839.1, 861.1 and 877.0 (Figure 5.24). The MSMS values of selected mass ions can 
be found in Appendix 4.1. The 3rd min fraction consisted of several metabolites which were highly 
polar, not separated and unretained on RPC18 column. The attempts to analyse these metabolites 
again using a different approach was referred in the following section and section 5.5. 
 
Figure 5.22. HPLC chromatogram of the insecticidal 3rd min fraction (arrow) of HPLC fractionation of 
the 6th fraction of LH20 column on ethanol fraction from silica gel column. The starting material was 
the boiled sample. The insecticidal peak(s) are represented in the solvent flow through at retention 
time 2.3-2.6th min. UV pattern observed of the peaks at 2.3 min and 3rd min (inset).  
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Figure 5.23. MALDI-TOF-MS analysis on the 3rd min HPLC fraction of the 6th sub-fraction from LH20 of 
the ethanol fraction from NPC showed major mass ions (m/z) observed for 621.9, 713.1, 757.1, 881.2, 
1111.5, 1263.5, 1375.6 and 1526.6.  
 
 
Figure 5.24. MALDI-TOF mass spectral analysis on the 3rd min HPLC fraction of the ethanol fraction 
directly from NPC showed major mass ions for (m/z) 628, 650, 656, 777.1 ,839.1, 861.1 and 877.0. 
Polar metabolite analysis on LCMS  
The 20 mg colourless 3rd min HPLC fraction from LH20 was not retained on the RPC18 column and was 
in the solvent flow-through, suggesting the metabolites were very polar. The sample was sent to 
Cawthron Institute for LC-MS analysis. On the amide-80 HILIC column, a peak in the solvent front of 
 139 
the sugar profile chromatogram which could not be identified was observed (Figure 5.25). The peak 
showed no ions on MS. A series of mass peaks corresponding to glucose were distinguishable from the 
3rd min HPLC fraction from LH20 and their masses were observed between 200 and 400 amu (Figure 
5.26-5.27). 
 
Figure 5.25. UPLC chromatogram of the 3rd min HPLC fraction from Figure 5.22 showing the fraction of 
interest containing an unidentified peak (arrow) and glucose (bottom) comparing to the mixed sugar 
standard 1 mg ml-1 reference (top). 
 
Figure 5.26. UPLC chromatogram of the 3rd min HPLC fraction from Figure 5.22 showing major peaks 
(arrow) at 2.44 min. 
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Figure 5.27. The MS spectra of the peak at 2.44 min from Figure 5.26 corresponded to mass ions of 
glucose. 
Sugar in MeOH and aphid assay 
The 3rd min HPLC fraction from Figure 5.22 was identified by Cawthron Institute as glucose. This 
prompted an investigation if glucose or any other sugar in MeOH would be insecticidal. A simple test 
carried out found glucose and fructose in MeOH at 100,000 ppm killed all aphids in bioassay. Maltose 
in MeOH at the same concentration killed 50% of the aphids but sucrose in MeOH at the same 
concentration did not kill any aphids. Glucose did not dissolve completely in MeOH but the solution 
was able to kill aphids quickly (See Appendix A.4.3). This finding retrospectively demonstrated the 
aphid bioassay had a weakness when using freeze dried supernatant material containing high amount 
of glucose dissolved in MeOH. The insecticidal activity of concentrated glucose in MeOH, however, was 
not further investigated. The finding was inconclusive as glucose is not UV-detectable and the 3rd min 
HPLC fraction from Figure 5.22 was UV-detectable and may represent another metabolite(s). The 3rd 
min UV-detectable peak was investigated in section 5.5.     
5.4 Mass spectral analysis of hydrophilic and hydrophobic compounds from 
cell free supernatant produced over time 
5.4.1 Background 
Earlier in this chapter, the hydrophobic insecticidal metabolites from the supernatant were easily 
identified with the aid of MS. The feasibility of using MS for direct analysis of the supernatant, profiling 
the hydrophilic and hydrophobic metabolites was thus tested using supernatants collected daily over 
seven days of submerged culture growth from K4B3. A MS fingerprint of the metabolites from the daily 
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supernatants would provide a baseline to compare for differences in the profiles of supernatants based 
on the insecticidal activities of the daily supernatant samples. The supernatant alone without organic 
solvent treatments had been demonstrated to kill aphids when used directly in bioassay with 0.1% 
Tween 80 (Chapter 3).  
5.4.2 Materials and methods 
Five ml samples were collected daily over seven days of a K4B3 culture that was cultured as described 
in Appendix A.1.4. The samples were centrifuged at 4000 rpm for 10 min to separate the mycelia and 
supernatant. The supernatants were tested against aphids and the most insecticidal supernatant was 
separated and analysed on a Bruker Daltonics LC-MS system. On the NanoAdvance LC of the system, 
the supernatant was passed through a Dionex PepMap Acclaim C18 analytical column (250 × 0.075 
mm, 2 µm) on a gradient system of 60 min (from 2% MeCN increasing to 40% by the 40th min and 
increasing to 95% by 55th min) with flow rate at 400ηl min-1 and column temperature maintained at 60 
°C. The separated metabolites from the LC were further analysed on Bruker impact HDTM ion trap mass 
spectrometer with captive spray ion source conditioned at 4 Hz spectra (cycle time, 7 s) and scan range 
from (m/z) 150-2200. The hydrophilic peaks were all eluted by the 26th min when the gradient was 
increased from 2% MeCN to 40% by the 40th min and the hydrophobic peaks eluted when the gradient 
was increased from 40% to 95% MeCN by the 55th min. Mass spectral analyses were performed on the 
hydrophilic and hydrophobic peaks. The hydrophilic and hydrophobic regions of supernatants for 
seven days from two flasks were also compared to the regions of the reference supernatant of the 
three-day-old culture.    
5.4.3 Results 
Supernatant from a three-day-old K4B3 culture was showing the highest insecticidal activity (Figure 
5.28). The MS spectra of the third day supernatant provided two main LC-MS peak regions for a general 
profile of hydrophilic and hydrophobic metabolites (Figure 5.29 - 5.30). The hydrophilic metabolites 
were eluted in less than 12 min. The hydrophobic metabolites were eluted in 30-65 min. Ammonium 
(NH4) adduct of bassianolide (m/z) 926.6 (Figure 5.30) was detectable. Betaines were not found in the 
supernatant. A range of beauvericins were detected; NH4 adduct of beauvericin (m/z) 784 (represented 
as (m/z) 801.4), NH4 adduct of beauvericin B (m/z) 812 (represented as (m/z) 829.5) and NH4 adduct of 
beauvericin A (m/z) 798 (represented as (m/z) 815.5). All MS data obtained of the hydrophilic regions 
from the third day supernatant (Figure 5.32) were checked against available databases online and the 
mass ion (m/z) with the closest match to known insecticidal metabolites were selected for 
fragmentation. The MSMS data were produced for the following mass ions (m/z) 439.3, 596.3, 610.3, 
627.3, 671.4, 721.3 and 940.4 (Appendix A.4.1). No further work was pursued on the hydrophilic mass 
ions.  
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The hydrophilic and hydrophobic regions of supernatants for all seven daily samples from two flasks 
were also compared with reference to the regions of the third day supernatant (Figure 5.33). The 
hydrophilic regions of the first two days were complex. By the third day, there were lesser peaks in the 
regions. The MS profiles of the different days (Appendix A.4.1) however could not differentiate distinct 
dissimilarity. The profiles were thus kept aside for future metabolomics study. 
 
Figure 5.28. Mortality of aphids Myzus persicae 24 h after treatment with supernatants sampled daily 
from a K4B3 culture over seven days. Values are mean ± standard deviations. N=30 for each 
treatment.  
 
 
 
 
 
 
 
 
 
 
Figure 5.29. Hydrophilic (0-40th min) and hydrophobic peaks (41st-60th min) of a three-day-old 
supernatant separated by LC-MS in a 60 min gradient run starting from 2% MeCN increasing to 40% by 
the 40th min and increasing to 95% by 55th min. 
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Figure 5.30. MS profile of the hydrophobic region from 40.9th to 54.8th min (top) and MS profile of the 
hydrophilic region from 6.9th to 24.9th min (bottom) shown in Figure 5.29. 
 
 
 
 
Figure 5.31. General LC profile of the hydrophilic metabolites from a three-day-old supernatant eluting 
from 3.9 min to 11.6 min. 
 
 
 
 
 
 
Figure 5.32. General MS profile from a three-day-old supernatant of the hydrophilic metabolites 
eluting from 3.9 min to 11.6 min. 
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Figure 5.33. The hydrophilic and hydrophobic regions of supernatants for seven daily samples from 
two flasks were compared with reference to the regions of a three-day-old supernatant via LC-MS.    
Hydrophilic 
Hydrophobic 
Hydrophilic 
Day 1  
Day 2  
Day 3  
Day 5 
Day 6  
Day 4  
Day 7  
Day 1  
Day 2  
Day 3  
Day 5 
Day 6  
Day 4  
Day 7  
Hydrophilic 
 145 
5.5 Ketone extract of supernatant 
5.5.1 Background 
Sugar solution in water did not kill aphids while sugar in methanol did (5.3). The untreated supernatant 
contained hydrophilic (polar) metabolites which were UV-detectable at 200-210 nm, heat resistant 
and killed aphids. This was from the same region of LC-MS detection that was presumed to be sugar in 
5.3. However as no activity of sugar was found in water, the insecticidal metabolites of this region were 
re-investigated. Based on the polarity index of organic solvents (Sadek, 2002), methyl ethyl ketone was 
selected to extract polar metabolites, as it is more polar than butanol and has low miscibility with 
water (Table 5.1).  
Table 5.1. The polarity index (modified and adapted from (Sadek, 2002)). 
 
5.5.2 Materials and methods 
Methyl ethyl ketone extract 
A 300 ml cell-free supernatant of K4B3 culture grown according to the parameters in Appendix A.1.4 
was extracted three times with equal amount of methyl ethyl ketone (MEK) and concentrated to 
dryness via rotary evaporation.  
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HPLC and MS 
A hundred µl of the MEK extract (14 mg dissolved in 200 µl water) was injected directly into a 
Phenomenex RPC18 column on an Agilent HPLC with the following parameters (Figure 5.34). Flowrate 
was at 1.2 ml min-1. The mass spectra analysis of the active was carried out in Cawthron Institute. 
Glucose (16 mg in 100 µl deionised water) was also analysed on the HPLC using the same parameters 
and monitored at 210 nm.  
 
Figure 5.34. HPLC parameters used to separate methyl ethyl ketone extract of supernatant 
Aphids bioassay 
Fractions collected from HPLC were freeze dried and re-dissolved in 300 µl water added with 0.1% 
Tween 80 and sprayed on aphids as previously described. Glucose solutions at 10,000 ppm, 100,000 
ppm, 250,000 ppm, 1,000,000 ppm were tested against aphids using the standard method.     
HILIC column 
The hydrophilic metabolites were further separated on a HILIC column using ammonium acetate 50 
mM buffer (3.854 g in 1 l, adjusted to pH 5.5 using glacial acetic acid) and acetonitrile, (MeCN). The 
active fraction from HPLC, 0.1 mg, was prepared in 100 µl buffer and 150 µl MeCN for separation. The 
flow rate was at 1.2 ml min-1, starting and holding at 90% MeCN for 2.5 min (weak retain) then a 
gradient change to 50% MeCN by 10 min and holding at 50% MeCN for 2.5 min (strong retain).  
5.5.3 Results 
MEK extract and bioassay 
The MEK extract at 23,000 ppm (7 mg in 300 µl) killed 74% of aphids within 24 h. Control mortality in 
this assay was zero. No aphids (except at 1,000,000 ppm) died from treatment using glucose in water 
solution.  
HPLC of MEK extract 
All major peaks collected were tested against aphids. Fractions at 13th, 17th and 25th min initially 
showed some fitness reduction activity but after 12 h, the aphids recovered. The 3rd min fraction 
(Figure 5.35) gave an average 70% mortality at 8th h and desiccated the aphids after 24 h. The mortality 
was confirmed 3 times from three different HPLC collections. The second peak eluting at 2.7th min was 
further analysed. The fraction containing the second peak at 6,000 ppm (1.8 mg per 300 µl) killed all 
aphids. The peak showed a UV max at 214 nm (Figure 5.36).  The first peak at 2.73 min had no 
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insecticidal activity. The peaks were best viewed at UV wavelength at 200 and 210. UV wavelength at 
254, 280 and 320 nm showed low peaks.  
The glucose solution showed no major peaks (over 150 mAu) at third min (Figure 5.37) indicating the 
peaks observed of MEK extract were therefore not glucose. 
MS spectral analysis of the hydrophilic metabolites 
The 3rd min was analysed at Cawthron Institute. MS analysis did not show any discerbale peaks but an 
anomaly was observed in the mass range. The metabolite didn't fragment as usual. A mass ion 
corresponding to glucose was, however, detectable. The metabolite could be a big molecule like a 
protein and could not be analysed using LC-MS and minute amount of glucose was still extracted using 
MEK. 
 
Figure 5.35. HPLC chromatogram of a MEK extract of supernatant from a three-day-old K4B3 culture. 
All major peaks above 1000 mAu were collected. The second peak at 2.7th min was insecticidal. 
 
Figure 5.36. UV pattern of the second peak at 2.7th min from Figure 5.35. 
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Figure 5.37. HPLC analysis of glucose solution showed no detectable peaks above 150 mAu. 
HILIC chromatography 
No hydrophobic metabolites were seen in the first two min of the 2.7th min fraction from Figure 5.35. 
All metabolites were well retained on the HILIC column and were slowly released from the column 
when the gradient changed (Figure 5.38). By the 10th min, all metabolites were eluted. No other more 
hydrophilic metabolites were detected from 10th to 12th min.  The peaks were not collected for bioassay 
as the amount retrievable was insufficient to elicit insecticidal activity in aphids. A semi-prep HILIC 
column would have to be used to collect sufficient quantities for bioassays. 
 
Figure 5.38. HPLC chromatogram showing peaks of bioactive HPLC fraction at 2.7th min of MEK extract 
derived from supernatant of a three-day-old K4B3 culture.   
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5.6 Discussion 
The detection of minute amounts of NRP metabolites in the supernatant and a group of heat-resistant, 
UV-detectable and polar insecticidal metabolites is the key finding of this chapter. The use of electron 
ionization mass spectrometry (EIMS) for the identification of the UV-detectable hydrophilic 
metabolites in positive mode is limited in ability to identify these compounds. Different mass spectral 
approaches and analytical techniques need to be taken to identify the metabolites.  
5.6.1 The presence of NRP insecticidal metabolites in the butanol extract of supernatant 
The mass spectral analysis of the butanol extract from the supernatant of a five-day-old culture clearly 
showed the presence of the NRPs beauvericin, bassianolide and beauverolides. There could be a 
number of analogues of beauvericins. Beauvericin A (m/z) 798, beauvericin (m/z) 784 and bassianolide 
(m/z) 909.6 were present in the fractions that exerted contact insecticidal activity on DBM caterpillars 
and avoidance response on aphids. The aphid repellency assay demonstrated that the insects avoided 
the insecticidal NRP metabolites, suggesting the detection of the metabolites or volatiles. Melon 
aphids could detect metabolites of Lecanicillium lecanii and B. bassiana (Gurulingappa et al., 2010). 
Arthropods possess highly refined olfactory system to interpret stimuli cues accurately (Winston, 
1992). Still beauvericin, bassianolide and beauverolides have not been reported as volatile nor reduce 
the attractiveness of the leaf discs in previous studies. There could be other volatiles such as 
hydrocarbon, alcohols, aldehydes, ketones, carboxylic acids, quinones, esters, lactones, phenols or 
monoterpenes (Daisy et al., 2002; Morath et al., 2012) which could be working in synchronisation with 
the NRPs to repel aphids.  
5.6.2 Hydrophilic insecticidal metabolites of K4B3 
Preliminary observation and results hinted the presence of hydrophilic insecticidal metabolites in the 
supernatant of K4B3 liquid cultures (Figure 5.11 and 5.15). Normal phase column chromatography 
approach targeting non-polar insecticidal metabolites from a boiled sample of K4B3 initially led to the 
discovery of polar insecticidal metabolites. With all the non-polar metabolites removed sequentially, 
the insecticidal activity of ethanol and methanol effluent (hydrophilic metabolites) from the column 
was not expected.  The very fact they were retained on silica gel column and were only eluted in 
ethanol and methanol indicated they were polar metabolites. More polar metabolites such as glucose 
bound to the silica gel column and were not eluted in methanol. The glucose was washed off from the 
column in water. The insecticidal activity demonstrated from a boiled and sequentially organic solvent 
treated sample suggest the metabolites are heat stable and will not be denatured by organic solvents. 
The insecticidal metabolite(s) in the supernatant were UV-detectable at 210 nm, heat and solvent 
resistant. The metabolites were not retained on a RPC 18 and were eluted in the solvent flow through. 
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HPLC analysis detected a ‘single’ peak at the 3rd min. MS analysis via MALDI-TOF-MS at AgResearch 
showed a range of different metabolites contained in that single peak observed on HPLC (Figure 5.22), 
which meant the metabolites were not separated on a RPC 18.   
The metabolites eluded mass spectral analysis in ESI positive mode as well. Instead, glucose was 
identified by MS. Yet theoretically glucose could not be UV detected as a peak (lack of UV 
chromophore) on HPLC and glucose solution in water could not kill aphids. There was no evidence of 
sugar esters as well. Sugar esters kill insects by dehydrating them (Bliss, 2005). They do not possess 
any chromophore, thus UV detection is not applicable as well (Christiansen et al., 2011). They have to 
be derivatised. It is also unlikely that there were significant quantities of alkaloids. Alkaloids are very 
sensitive with ESI detector and the dilutions prior MS would have given a massive signal, MH+ signal 
predominant with alkaloids (Unger et al., 1981). 
When the supernatant was once again extracted using MEK, an organic solvent which is more polar 
than butanol and ethyl acetate, in the hope that only polar metabolites were extracted, the same UV-
detectable insecticidal metabolites were found. Bioassay of the metabolites in water showed 
insecticidal activity. As glucose in water solution did not kill aphids, it was unlikely to be sugar. The 
metabolite however was once again not MS detectable. 
The analysis of hydrophilic metabolites have always been a challenge (Strege, 1998). A highly polar, 
methanol-soluble secondary metabolites produced by Mucor hiemalis SMU-21 with acute toxicity to 
adult fruit flies was reported (Konstantopoulou et al., 2006) with some similar chemical characteristic 
to the hydrophilic metabolites identified in this study. The metabolites reported were UV-detectable 
and were probably not retained on their reverse phase HPLC column. In their study, both butanol and 
aqueous layer were highly insecticidal. The metabolites, like the metabolites of K4B3 derived from 
supernatant, were not identified. The author however suggested the possibility of organic acids in her 
discussion referring to the insecticidal potential of organic acids produced by other microbes. This is 
further explored in Chapter 7. 
The unidentified hydrophilic insecticidal metabolites prompted the LC-MS analysis of insecticidal 
supernatant of K4B3, dividing samples into polar and nonpolar regions. The MS analysis of whole 
supernatant was most useful as a reference for possible metabolites in the polar region. It was 
unfortunate that the MS profiles of each different day of production in the time course comparison of 
the supernatants could not differentiate distinct dissimilarity and the data had to be stored for future 
metabolomics study (Appendix A.4.1).  
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5.7 Conclusion 
The NRP insecticidal metabolites beauvericin, bassianolide and beauverolides from mycelium extracts 
were detected in the supernatant. In addition, a group of hydrophilic (polar) aphicidal metabolites was 
produced by K4B3 which were UV-detectable, heat and solvent resistant. These hydrophilic 
metabolites were not retained on conventional RPC18 and were eluted in the ‘void volume’. No 
conclusive mass analysis could be performed on these metabolites.  
One of the many possibilities as to what the polar insecticidal metabolites could be is they could be 
organic acids such as oxalic acid (Dutton and Evans, 1996; Kirkland et al., 2005), enzymes or 
polyglycopeptides. Organic acids are heat resistant (Crossey, 1991). The chemistry is entirely different 
to NRPs and requires a different approach for analysis. Organic acids are normally analysed using ESI 
negative mode.  These compounds are considered in Chapter 8. 
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Chapter 6 
Optimisation of insecticidal metabolite production 
6.1 Background 
At Biotelliga, small adjustments were made over several years to produce the most active product, 
generally based on two major quality control criteria which were believed to correlate with activity; a 
‘rotten meat’ smell and a specific shade of red colour change of the broth during fermentation. The 
appearance of the ‘Red Queen’, as it became known, had been the most useful biomarker of batch 
quality. Glucose was the only carbohydrate used as the carbon source in the biosynthetic medium 
along with a variety of nitrogen sources and minerals prepared with a start pH at 5.5. The ingredients 
and process were put together in a trial and error approach, and what worked then was implemented 
for production. No other carbohydrates and nitrogen sources were tested.  
The influence of different start pH of media was also not tested. The only trial conducted on pH was 
controlling the pH at 5.5 during culture growth.  The outcome was undesirable and pH during culture 
growth was uncontrolled since then. The final pH of a typical insecticidally active end product (five or 
six days old) was always in the range of 3.8 to 4. The fermentation was also carried out in slow agitation, 
sufficient to swirl and mix the medium and fungus to grow and produce metabolites. It was noted in a 
previous trial when K4B3 culture was supplied with pure oxygen, the culture yielded a different red 
colour. The temperature set for submerged culture of K4B3 was generally maintained around 27 °C.  
No other studies were undertaken to better understand the influence of aeration nor temperature 
required for the production of insecticidal metabolite.  
Little research had been systematically conducted, guided by bioassay, to determine the optimal 
production process for metabolites from K4B3. In this chapter, results were reported on optimisation.  
Submerged liquid fermentations of B. bassiana K4B3 were carried out at Lincoln University from 
October 2012. The fermentation process initially used the same propriety ingredients and processes 
as used by Biotelliga Ltd.  The fermentation processes, however, were modified using equipment and 
glassware available at the university. Different culture parameters such as nutrient composition, start 
pH of media, aeration, temperature, and inoculum size were tested to determine which conditions 
would yield the highest production of insecticidal metabolites, as determined via aphid bioassays. The 
direction of the research also focused on hydrophilic metabolites to produce insecticidal supernatant, 
as this was seen as more cost effective for a final product (no mycelial treatment required). The 
chemical analysis on the boiled broth and supernatant of B. bassiana K4B3 (Chapter 5) led to the search 
for metabolites other than bassianolide and varieties of beauvericin, insecticidal metabolite(s) which 
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were UV-detectable, hydrophilic and co-eluted with glucose. Knowing the identity of the insecticidal 
metabolites would be ideal.  
As there were no published or in-house reports available on the optimisation processes of submerged 
cultivation of K4B3 for the production of hydrophilic insecticidal metabolites of the supernatant, this 
study serves as the first reference.  
6.2 Materials and methods 
The standard experimental unit for production were a series of 100 ml submerged cultures grown in 
250 ml conical flasks with silicone sponge closure. A propriety medium similar to Biotelliga’s (Table 6.1) 
was prepared in 100 ml Ultra-pure 0.2 micron filtered water. The start pH of the medium was adjusted 
using 1 M sodium hydroxide (NaOH). The media were autoclaved at 121 °C at 15 psi for 15 min and 
removed promptly to avoid caramelisation from prolong heat contact. A three-day-old fermentation 
broth of B. bassiana K4B3 was used to inoculate each flask. The standard conditions, unless otherwise 
started, was inoculated with 2 ml of culture, constantly shaken at 225 rpm and incubated at 27 °C for 
seven days, and generally sampled every 24 h. Five ml of the broth was retrieved and stored in Falcon 
tubes. All samples were stored at -20 °C directly after collection. They were thawed and processed; 
separating supernatant and mycelia via centrifugation at 4000 rpm for 15 min for different 
experimental use. To the supernatants 0.1% Tween 80 was added and used directly in bioassays 
without organic solvent treatments.  Bioassays were conducted as described in Chapter 2. The 
mortality at 24 h after treatment was analysed for significant differences by ANOVA. 
The bioactivity of broth produced under the influence of different conditions; glass vessels, media 
composition, pH, temperature and inoculum size were evaluated. Based on the bioactivity, the 
condition which gave better insecticidal activities was used for the next experiments.   
Table 6.1. The basic Biotelliga-type ingredients and composition used to prepare 100 ml fermentation 
broth in a 250 ml conical flask.   
Ingredients Weight (g) per 100 ml  
 
Bacteriological Peptone (Oxoid) 
Tryptone (Oxoid) 
Yeast Extract (Oxoid)  
NaCl (Scharlau)  
KH2PO4 (Scharlau)  
MgCl2 (Scharlau)  
L-Methionine (Acros)  
Glucose/dextrose (Scharlau) 
Filtered reverse osmosis water 
 
1.00 
0.20 
0.20 
0.60 
0.20 
0.05 
0.07 
3.00 
100 
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6.3 Influence of vessel size and shape 
6.3.1 Background 
Round flat bottom flasks of 6 l capacity were used to ferment K4B3 cultures at Biotelliga. At Lincoln 
University, smaller shakers were used which could accommodate glass vessels with volumes of 250 ml 
and 1 l. This study evaluated the effect of glass vessel type between conical Erlenmeyer and the round 
flat bottom flasks for the production of insecticidal metabolites over the course of seven days.  
6.3.2 Materials and methods 
A hundred ml of the propriety medium (Table 6.1) was prepared with a start pH of 5.5 in three 250 ml 
round flat bottom and conical flasks respectively. All the media were inoculated with 10% (10 ml) of 
the same stock culture. The culture was shaken at 225 rpm for a week at 27 oC. Daily samples of 5 ml 
were aseptically taken and stored at -20 °C. The samples were thawed and centrifuged at 4000 rpm 
for 15 min to remove mycelia. One ml of the supernatant was added to 0.1% Tween 80 and tested 
against aphids as previously described. The mortality of aphids was observed 24 h later. Controls were 
treated with uninoculated medium. 
6.3.3 Results 
The production of insecticidal metabolites, as measured by aphd mortality, using conical flasks and 
round flat bottom flasks showed no statistical differences between days except on the fifth day (Figure 
6.1). Supernatants produced from conical flasks were strong compared to supernatants produced from 
the round flat bottom flasks on the fifth day; there was a decrease of insecticidal activity from the 
supernatants on that day using round flat bottom flasks. Assuming the same insecticidal metabolites 
are produced, the conical flasks were better to grow the fungus to produce insecticidal metabolites on 
the shaker system at Lincoln University.  
 155 
 
Figure 6.1. Mortality of aphids Myzus persicae 24 h after treatment with supernatants from round flat 
bottom flasks and conical flasks sampled daily over seven days of a glucose-based culture grown at 27 
°C, 225 rpm and start pH 5.5. Values are mean ± standard deviations. N=30 for each treatment.  The 
LSD between supernatant treatments of different days is 33.81 (p<0.05). 
6.4 Influence of temperature  
6.4.1 Background 
Temperature plays an important role in the growth of most microbes. For example, in vitro culture 
experiments showed temperature affected the growth and mycotoxin production of different species 
of Fusarium (Popovski and Celar, 2013). Fusarium subglutinans showed optimal growth occurred at 
15-25 °C on maize and rice culture media (Castellá et al., 1999) but the amount of mycotoxin produced 
differ at different temperatures. Fusaproliferin was optimally produced at 20 °C but moniliformin 
production by this fungus was higher at 30 °C (Kostecki et al., 1999). A Beauveria sp. grew over 
narrower temperature ranges (5-30 °C) and have growth optima of 25 °C (Hallsworth and Magan, 
1999). The optimum temperature for the production of secondary metabolites, particularly insecticidal 
metabolites, has not been well studied. The following experiments were performed to determine the 
effect of different temperatures on the growth of K4B3 on agar and submerged fermentation for the 
production of the insecticidal metabolites.  
6.4.2 Materials and methods 
A week old K4B3 culture grown on Potato Dextrose Agar (PDA) was excised on the edge of the colony 
(1 x 1 cm) using a sterile blade and placed at the centre agar plate of a sterile glucose-based medium 
prepared at pH 8 combined with 0.01% bromothymol blue (Sigma-Aldrich) and 10% agar. The plates 
were sealed and incubated inverted at 18, 20, 25 and 30 °C. All treatments were carried out in three 
replicates. The growth of the fungus and colour change of the agar from blue green to yellow was 
observed and measured after three days.  
A series of submerged cultures were grown at different temperatures; 15, 20, 25, 27, 30, 35 °C in 
propriety glucose-based medium with start pH 8. Three replicates of 250 ml flasks containing 100 ml 
media were inoculated using a three-day-old stock culture at 2% inoculum each and constantly shaken 
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at 225 rpm for a week. Approximately 5 ml samples were taken daily and stored at -20 °C directly after 
collection. Three-day-old supernatants from cultures grown at different temperatures were thawed 
and spun down at 4000 rpm. The supernatants were tested against aphids in assays as described in 
Chapter 2 and the insecticidal activities were compared. 
6.4.3 Results 
On the propriety ingredient glucose-based agar medium, the fungus grew slowly at 18 and 20 °C 
(Figure 6.2). The growth of the fungus and the colour change of the agar from blue green to yellow 
were the quickest and most obvious when the fungus was incubated at 25 °C compared to all other 
temperatures by the third day. The colour change from blue green to yellow indicated the production 
of acid and growth activities. Areas around the fungal colony showed greater yellow intensity 
indicating the higher amount of secreted compounds. The optimum temperature therefore is around 
25 °C. No fungus growth nor colour change of the agar were observed of the fungus at 30 °C. The 
colour of the agar remained blue green. 
Unexpectedly, the fungus was able to produce insecticidal metabolites in broth even at temperature 
as low as 15 °C (Figure 6.3). The insecticidal activity from supernatant of cultures grown at 15 °C was 
comparable to the activity from supernatant harvested from cultures grown at 20 and 30 °C. The 
highest insecticidal activity was from supernatant of fungus cultured at 27 °C. Surprisingly, the fungus 
was able to grow in mass at 30-35 °C in liquid culture when no growth was detected on solid media. 
The production of the insecticidal metabolites at 30 °C was, however, low and no effect on aphids was 
seen with supernatant from cultures at 35 °C (Figure 6.3). Prolonged fermentation at 35 °C to seven 
days did not yield insecticidal metabolites at both start pH 5.5 and pH 8. Sampling fermentation at 30 
°C over seven days showed the insecticidal activity increased after the fourth day and appeared to be 
better in media with start pH 8 than the standard medium at pH 5 (Figure 6.4). It should be noted, at 
higher temperature, variability in production was observed as the bioassays in Figures 6.3 and 6.4 gave 
different activity after three days. The production of the insecticidal metabolites was observed to be 
delayed at higher temperatures (Figure 6.4).   
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Figure 6.2. In vitro growth of K4B3 at 18-20, 20, 25 and 30 °C on glucose-based agar media at pH 8. 
 
Figure 6.3. Mortality of aphids Myzus persicae 24 h after treatment with supernatants of three-day-
old K4B3 cultures cultivated at different temperature; 15, 20, 25, 27, 30 and 35 °C (start pH 8 and shake 
speed 225 rpm). The LSD value for comparing the mortality of aphids after treatment using 
supernatants from cultures grown at different temperatures is 20.8. Mean values (%) followed by the 
same alphabet represents no significant differences (Unprotected LSD P ≤ 0.05) in terms of insecticidal 
strength. 
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Figure 6.4. Mortality of aphids Myzus persicae using supernatants sampled daily over seven days of a 
K4B3 cultures cultivated at 30 °C with start pH 5 and 8 at shake speed 225 rpm.  
6.5 Influence of start pH  
6.5.1 Background 
The propriety broth for fermentation of B. bassiana K4B3 had always been adjusted at pH 5.5 at the 
start of production. The effect of start pH of the medium on the production of insecticidal metabolites 
was unknown for this fungus. Previous attempts to fix pH at 5.5 throughout the growth period resulted 
in poor products. The pH of the end product (three or four days old) which delivers the highest 
insecticidal ability was in the range of 3.8 to 4. No attempt was made to check if assisting the fungus 
to grow at lower or higher start pH would expedite the production of the insecticidal metabolites. The 
general pH of insect surfaces and haemolymph are at 7.7 or pH 6.8 respectively (Chapman et al., 2013; 
St. Leger et al., 1998). Thus the insecticidal activities were compared using supernatants of K4B3 
cultured in media with different start pH.  
6.5.2 Materials and methods 
pH and time course study 
A series of submerged K4B3 cultures with start pH of 3, 5, 7 and 8 (adjusted using 1 M hydrochloride 
acid HCl and 1 M NaOH) were evaluated for insecticidal ability. The glucose-based media were 
prepared according to the ingredients in Table 6.1. A total of 2% (2 ml) of the final volume (100 ml) of 
a three-day-old fermentation broth of B. bassiana K4B3 was used to inoculate each flask. The flasks 
were constantly shaken at 225 rpm to provide more turbulence and incubated at 27 °C for seven days, 
sampled every 24 h. The samples were centrifuged at 4000 rpm for 15 min to separate mycelia and 
supernatants. The supernatants were assayed against aphids and mortality observed after 24 h.  
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Repeat experiment using pH 5.5 and above 
Based on the results from the time course study on pH, the same experiment was repeated with start 
pH ranging from 5.5 to 9.5. The pH of the media before and after inoculation, and after three days 
fermentation was recorded. The inoculum was 2% with pH of 3.8.  
6.5.3 Results 
pH and time course study 
The direct toxicity to aphids of supernatants sampled over seven days was assessed. All the 
supernatants had some toxicity to aphids, compared to the controls (blank medium), after topical 
application. Cadavers of treated aphids appeared ‘desiccated’ and ‘flattened’ with outstretched legs 
and proboscis still embedded in the leaf. The mortality of aphids in the control was below 1%. Altering 
the start pH of the medium above pH 5.5 did not alter the toxicity of the supernatants significantly. 
Following spray application, the mortality of aphids Myzus persicae at 24 h was the highest using 
supernatant sampled after three days of growth. The insecticidal activity was reduced using 
supernatant sampled on the sixth day but increased again using supernatant from the seventh day 
(Figure 6.5). The pH of the unbuffered glucose-based cultures generally decreased to around pH 3.7 
after three days (Figure 6.6). Attempts to improve fungal production using a start pH 3 not only slowed 
the growth of the culture, but the resulting bioactivity was reduced for all days. The mortality values 
from three-day-old supernatants with start pH 7 and pH 8 were significantly higher than the mortality 
values for supernatants with start pH 3 and pH 5 (p<0.05).  
 
Figure 6.5. Mortality of aphids Myzus persicae 24 h after treatment with supernatants from glucose-
based cultures with different start pH. LSD for comparing different sampling days at same pH is 29.9 
and LSD for all other comparisons is 31.0.   
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The pH of all cultivation decreased over time. Acidic products were produced and the pH remained 
between 3.5 and 4.0 (Figure 6.6). The colour of the culture differed when grown at different start pH 
(Figure 6.7-6.8). K4B3 was growing exponentially and plateaued by the seventh day (Figure 6.9). Bibasic 
phosphate salt (potassium diphosphate) is a high buffering agent (Biomedicals, 2014 ) but it did not 
buffer the pH of the broth. 
 
Figure 6.6. Changes in pH over seven days’ incubation of supernatant samples, from media started at 
different pH. 
   
Figure 6.7. Three-day-old glucose-based cultures of K4B3 grown at different start pH. Left to right; 
start pH 3, 5, 7 and 8.  
 
Figure 6.8. Glucose-based cultures of K4B3 grown at start pH 8 (left) and start pH 3 (right).   
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Figure 6.9. Dry weight (g) of mycelial samples for seven days from a glucose-based culture of K4B3 
with start pH 8 and fermentation at 27 °C. Values are mean ± standard deviations.  
Effect of pH 5.5 and above 
A second experiment was used to investigate effect of pH 5.5-9.5 as start pH of medium.  After 18 h, 
colour change was observed in K4B3 cultures grown with start pH above 5.5. The range of pH tested 
showed growing K4B3 with start pH above 5.5 resulted in achieving insecticidal supernatants (Table 
6.2 and Figure 6.10), even medium with start pH 9.5 which was cloudy when inoculated.  
Table 6.2. pH values of media before inoculation, after inoculation (with 2 ml of culture) and after three 
days of fermentation at 27 °C. 
Start pH of media pH directly after inoculation  pH of supernatant on 3rd day 
5.5 5.43 3.43 
6.5 6.32 3.45 
7.5 6.92 3.55 
8.1 7.34 3.40 
8.5 7.66 3.56 
9.5 8.62 cloudy 3.54 
 
 
Figure 6.10. Mortality of aphids Myzus persicae after 24 h treatment using supernatants of three-
day-old K4B3 culture with media start pH above 5.5. Values are mean ± standard deviations. N=30 for 
each treatment. C=control.  
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6.6 Influence of media ingredients 
6.6.1 Background 
The propriety ingredients used by Biotelliga consisted of mainly a simple monosaccharide 
carbohydrate (glucose) for the production of insecticidal metabolites. Other simple monosaccharides; 
maltose (malt sugar), fructose (fruit sugar) and galactose (milk sugar) were not tested if they could 
substitute for glucose to produce insecticidal metabolites. Carbohydrates that consist of more than 
one unit of sugar i.e. (1) disaccharides such as sucrose and (2) polysaccharides such as starch, cellulose 
and chitin were also not tested. The versatility of an organism in being able to utilise a carbohydrate 
could determine its chance of survival (Gottlieb, 1963). Although all carbohydrates have an empirical 
formula of (CH2O)n, not all microorganisms are able to utilise them efficiently and there is variability in 
carbon requirements among different B. bassiana isolates (Campbell et al., 1983; Draganova et al., 
2011; Sun and Liu, 2006). Carbohydrate utilization profiles of ten isolates of B. bassiana indicated 
isolates from coleopteran insects and lepidopteran larvae exhibited a different and specific 
carbohydrate utilization profile (Draganova et al., 2011). Kim et al. (2010a) used starch-based media 
to grow B bassiana and found that hydrolytic enzymes in the supernatant killed aphids.  The production 
of a β-lactam antibiotic by Cephalosporium acremonium is strongly influenced by the carbohydrates 
used i.e. glucose favours cell growth while galactose and sucrose optimise and maximise the 
production of antibiotic (Kennel and Demain, 1978). The source of the carbohydrate could be crucial 
for the production of insecticidal metabolites by K4B3. 
The importance of nitrogen sources such as peptone, yeast extract and amino acids was reported for 
the production of some secondary metabolites (Bandani et al., 2000; Donatti et al., 2008; Hanson, 
2008). Apart from using the nitrogen sources as biosynthetic building blocks, protein as well as the 
production of the metabolite(s) could be influenced by the nutrient availability (Bandani et al., 2000; 
Hanson, 2008). Tolypocladium geodes and T. niveum supplemented with glycine increased the 
production of D toxins relative to F toxins while supplementing with alanine increased the production 
of F toxins relative to D toxins. Methionine, an amino acid, was found to enhance the production of 
cuticle degrading protease in Beauveria (Donatti et al., 2008). Feeding 30 hydroxycarboxylic acid and 
amino acid precursor analogues to B. bassiana yielded six new beauvericin analogues (Xu et al., 2007). 
Sanagiko, a powdered silk worm pupa material, was found to stimulate the production of antimicrobial 
properties when included in fermentation for some fungi (Lee et al., 2005).  
Thus the insecticidal activities were compared using supernatants of K4B3 cultured in different sources 
of carbohydrates and nitrogen.  
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6.6.2 Materials and methods  
Influence of carbon sources 
Different groups of carbohydrates were used to grow K4B3 for the production of insecticidal 
supernatant. The basal medium is the same as the original recipe but the carbon source was reduced 
to the same ratio as yeast extract (1:1). Two simple monosaccharide (glucose and galactose), one 
disaccharide (sucrose) and two polysaccharides (cellulose and chitin of cicada moult exoskeleton) were 
used in this study. The amount of carbohydrates and other basal ingredients required for five flasks of 
100 ml media were as outlined in Table 6.3. A medium was also prepared without any carbohydrate 
for comparison. All media were adjusted to pH 8 using 1 M NaOH. Three 250 ml flasks containing 100 
ml of each medium were inoculated using the same three-day-old K4B3 broth cultured in glucose-
based media at 2% inoculum and shaken at 225 rpm at 27 °C for seven days. Silicon caps were used to 
cap the flasks for better aeration. Five ml of the broth were sampled on the third, fifth and the seventh 
day. The broths were centrifuged at 4000 rpm for 15 min, separating the supernatants and mycelia.  
The supernatants were checked for pH and one ml of each supernatant was used for aphid bioassay 
according to the methods in Chapter 2. Two ml of the supernatants were freeze dried and analysed for 
organic acid content (Chapter 8).  
Table 6.3. The ingredient composition (g) using different carbohydrates in five shake flasks each 
containing 100 ml basal medium. 
Ingredients  Weight of ingredients (g) 
 
 
Glucose Galactose Sucrose Cellulose Chitin 
No 
Carbon 
Carbohydrate (Variable) 5 5 5 5 5 0 
Peptone  
 
 
     Basal  
5 5 5 5 5 5 
Tryptone 1 1 1 1 1 1 
Yeast extract 5 5 5 5 5 5 
Nacl 3 3 3 3 3 3 
KH2PO4 1 1 1 1 1 1 
MgCl2 0.25 0.25 0.25 0.25 0.25 0.25 
L-Methionine 0.35 0.35 0.35 0.35 0.35 0.35 
 
Influence of starch and nitrogen sources 
Starch-based media, based on that used by Kim et al. (2010a), was modified to resemble the original 
recipe of Biotelliga. The base media consisted of an equal amount of 1% yeast extract and starch (Table 
6.4). The starch needed to be dissolved completely in boiling water as a clear solution and topped up 
to replace any volume loss shortly before autoclaving with other ingredients. The pH of the media were 
adjusted to 5.5, keeping closely to the pH of the recipe in order to compare and prove if the original 
recipe could be improved via starch and nitrogen sources. At pH 5.5, the mortality of aphids was on 
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average 79% (Figure 6.10). The media were inoculated with 2% of a three-day-old culture and all flasks 
shaken at 225 rpm and incubated at 27 °C for three days. 
Table 6.4. Composition of media focusing on starch and nitrogen sources (% w/v).  
Media G1 (%) S1 (%) S2 (%) S3 (%) S4 (%) S5 (%) 
Bacteriological Peptone  1.00 1.00 1.00 0.00 0.00 0.00 
Casein 0.00 0.00 0.00 1.00 0.00 0.00 
Tryptone  0.20 0.20 0.20 0.20 0.20 0.20 
Yeast Extract 0.20 0.2 1.00 1.00 1.00 1.00 
NaCl 0.60 0.60 0.60 0.60 0.60 0.60 
KH2PO4 0.20 0.20 0.20 0.20 0.20 0.20 
MgCl2 0.05 0.05 0.05 0.05 0.05 0.05 
L-Methionine 0.07 0.07 0.07 0.07 0.07 0.50 
Glucose 3.00 0.00 0.00 0.00 0.00 0.00 
Starch 0.00 1.00 1.00 1.00 1.00 1.00 
 
Influence of insect material as carbon and nitrogen source 
A hundred whole mealworm larvae Tenebrio molitor (BioSuppliers, Auckland, NZ) were frozen, freeze 
dried and ground to a powder. The ground mealworm material was added to a basal medium at pH 7 
consisting of NaCl (0.2%) and KH2PO4 (2%), sterilised and used as growth medium as above.  
Influence of nitrogen source: bacteriological and mycological peptone 
Flask fermentation was conducted using biosynthesis medium of K4B3 supplied by Biotelliga and 
another similar medium consisting of mycological peptone instead of bacteriological peptone 
(Appendix A.5.1). Both media with pH adjusted to 7 (200 ml in 1 l flask) were inoculated respectively 
with a 10% K4B3 culture retrieved from a frozen stock. A loopful of spores from a 14-day-old PDA plate 
culture of K4B3 was added aseptically to a separate flask containing 200 ml medium with mycological 
peptone. The fermentation was conducted for seven days at 25 °C, on a shaker at 150 rpm and 25 ml 
of the fermentation broth was retrieved on a daily basis from the third day (D3) until the seventh day 
(D7). All daily samples (containing mycelia and supernatant) were extracted using an equivalent 
volume of 25 ml EA, and the EA extracts were dried and re-suspended in 2 ml MeOH. Two-fold dilution 
was tested against aphids for insecticidal activities.  
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6.6.3 Results  
Influence of carbon source 
Of the sugars tested, the most insecticidal supernatant with over 80% mortality was from glucose-
based K4B3 culture (Figure 6.11). The activity of glucose grown material was maintained until the fifth 
day and declined by the seventh day. All the supernatants from other carbohydrate-based cultures 
were not as strong. The supernatant from the other monosaccharide galactose-based culture showed 
a decline of insecticidal activity by the seventh day. Supernatant from disaccharide sucrose-based 
culture showed a similar downward trend like galactose by the seventh day but it was the second group 
of carbohydrate preferred by K4B3 for insecticidal supernatant production. Supernatants collected 
from K4B3 grown in polysaccharides cellulose- and cicada-based media demonstrated gradual increase 
but low insecticidal metabolite production over time with aphicidal activity below 50% on the seventh 
day of growth. Interestingly, the supernatant without any carbohydrate sources was the second most 
insecticidal (60% on the fifth day) (Figure 6.11). Mortality values from three- and five-day-old 
supernatants of glucose-based culture were significantly higher than mortality values for all other 
supernatants (p<0.05) apart from supernatant without any carbohydrate sources. The mycelia seemed 
to have ‘disintegrated’ in the broth by the seventh day. All pH of the supernatants here ended higher 
on the seventh day (Figure 6.12). Overall, the insecticidal activity was reduced and delayed when the 
carbohydrates were fixed at 1%. All blank media did not kill aphids. Pyrethrum solution killed all aphids 
by 24 h. 
 
Figure 6.11. Insecticidal activity against aphids of K4B3 supernatants derived using different 
carbohydrates glucose, cellulose, galactose, cicada, sucrose and no carbon sampled after three, five 
and seven days’ fermentation at 25 °C and 225 rpm with start pH at 8. LSD for comparing different 
sampling days at same treatment is 23.0 and LSD for all other comparisons is 39.8.   
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Figure 6.12. pH of supernatants sampled from different carbohydrate sources in Figure 6.11 at 3, 5 and 
seven days after inoculation. 
Influence of starch and nitrogen sources 
Cultures grown in starch-based media (S1-S5) produced high insecticidal activities comparable to 
glucose-based media except for S3, which contained casein instead of peptone (Table 4; Figure 6.13). 
The S3 culture was milky and was not producing strong insecticidal metabolites. The culture formed 
tiny fungus balls. All starch-based cultures were different than glucose-based cultures having little to 
no mycelia build-up. 
S1 cultures were pale cream and S2 were brown. Both showed little differences in insecticidal activity 
even when higher yeast extract (YE) was used in S2 in addition to the bacteriological peptone 
supplemented. Stronger repellent effect however was observed in S2 supernatants as the aphids were 
not staying and feeding on the leaf discs.  
S4 medium, without peptone, still produced insecticidal metabolites. There were more desiccated 
aphids among the cadavers observed in the S4 treatment than other treatments.  S5 culture, which 
shared an almost similar composition as S4, produced strong insecticidal supernatant which was not 
statistically different to S4. The only difference was when diluted five-fold, only S5 supernatant still 
killed over 50% aphids constantly (Figure 6.14). No aphids were killed when treated with blank media 
of S1, S2, S3, S4, S5 and G1. Aphids treated with pyrethrum died after 24 h. 
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Figure 6.13. Mortality of aphids Myzus persicae following treatment using supernatants of three-day-
old fungus culture cultivated in various media. Glucose-based media, G1 and starch-based S1 (Starch 
change), S2 (Starch and YE), S3 (Starch, YE and Casein), S4 (Starch, YE and no Peptone) and S5 (Starch, 
YE, no Peptone and Methionine at 0.5%) media. Treatments sharing the same letters are not 
statistically different (Unprotected LSD, P ≤ 0.05).  
 
Figure 6.14. Mortality of aphids Myzus persicae after treatment with five-fold dilution of supernatant 
from starch-based media used in Figure 6.13. Values are mean ± standard deviations. N=30 for each 
treatment.  
Influence of insect material as carbon and nitrogen source 
The pH of the mealworm-based K4B3 culture decreased after the first day of growth but quickly rose 
to around pH 7 by the second day. All daily supernatant samples from mealworm-based K4B3 culture 
showed no activity against aphids. 
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Influence of nitrogen source: bacteriological and mycological peptone 
All extracts from K4B3 culture supplemented with bacteriological peptone (B) were not insecticidal for 
all days sampled after three days fermentation (Figure 6.15). Extracts of K4B3 culture supplemented 
with mycological peptone (M) demonstrated aphicidal activity above 50% mortality after four days 
fermentation. K4B3 culture supplemented with mycological peptone and inoculated via spores (MS) 
also demonstrated strong insecticidal activity in the extracts but after five days fermentation.  
 
Figure 6.15. Mortality of aphids Myzus persicae treated with two-fold dilution of daily extracts (D3 to 
D7) of K4B3 cultures grown using bacteriological peptone (B), mycological peptone (M) and 
mycological peptone but inoculated with a 14-day-old K4B3 spores (MS).   
6.7 Insecticidal metabolites from supernatant of K4B3 grown in starch-based 
medium 
6.7.1 Background 
It is likely that the presence of glucose in the growth medium interfered with the investigation of the 
hydrophilic insecticidal metabolites of K4B3, reported in Chapter 5. A medium with lower interference 
from glucose was desired to help in the identification of the insecticidal metabolites. Starch-based 
medium, with composition S5 as described in Table 6.4 demonstrated the potential as an alternative 
to grow K4B3 for its insecticidal supernatant. In addition, without bacteriological peptone, K4B3 was 
still producing insecticidal metabolites (Figure 6.13). Preliminary heat treatment (via autoclave at 121 
°C for 15 min) of a three-day-old K4B3 culture in starch-based medium did not remove its insecticidal 
activity, which prompted the chemical analysis of the insecticidal metabolites produced. 
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6.7.2 Materials and methods 
Organic extract:  MS profile and bioassay 
Two hundred ml supernatant of a three-day-old starch-based K4B3 culture (Figure 6.16) was freeze 
dried after treatment with hexane (Hex) and ethyl acetate (EA) solvents (Krska et al., 1996; Xu et al., 
2007). Hexane extracts beauvericin, bassianolide and the lipid portion (Jirakkakul et al., 2008; Plattner 
and Nelson, 1994). The hexane extracts were sent for MS analysis and the ethyl acetate extract was 
dried and assayed against aphids after resuspension in water. The freeze dried supernatant material 
left after solvent extraction was subjected to HPLC and bioassay, as below. 
Freeze dried supernatant material: HPLC and bioassay 
The freeze dried supernatant material after hexane and EA extraction weighed about 2.5 g. 
Approximately 0.5 g freeze dried supernatant material was re-dissolved in 1 ml water and centrifuged 
at 12,000 rpm for 15 min prior HPLC fractionation. The HPLC protocols were similar to the description 
in Chapter 2 but with some minor modification targeting at hydrophilic metabolites and at the same 
time observing for hydrophobic metabolites. HPLC parameters were established as outlined in Figure 
6.17. Solutions were injected twice at 100 µl into HPLC with a semi-prep RPC18 column with flowrate 
at 5 ml per min with collection. 
The remainder (~2 g) of the freeze dried material were treated with MeOH. Precipitates formed in the 
solution. The MeOH extract and precipitate were dried and resuspended in water (160 mg ml-1) added 
with 0.1% Tween 80 for aphid bioassay. Both were fractionated at 0.5 g ml-1 DI water (twice) on HPLC 
for chemical profile and the fractions collected were freeze dried, weighed and tested against aphids 
for biocidal activity. The most active fraction was subjected for LC-MS analysis using a similar gradient 
which was used to isolate the fraction: 0% B for 5 min, then linear gradient to 30% B over the next 15 
min, hold at 30% B for 2 min and finally wash column with 95% B for 8 min. Solvent A was 0.1% formic 
acid, and B was acetonitrile containing 0.1% formic acid. 
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Figure 6.16. Chemical analysis workflow of the starch-based supernatant of K4B3.  
 
Figure 6.17. HPLC parameters showing a 10 min retention time and gradient increase of MeCN and 
holding MeCN for 7 min before dropping back to the aqueous phase. A: Water;  B: MeCN 
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6.7.3 Results 
Supernatant of starch-based K4B3 culture was analysed for its insecticidal metabolites (Figure 6.18). 
Hex did not extract any non-polar insecticidal metabolites and EA extract demonstrated poor 
insecticidal activity. The mass profile of the Hex extract showed major peaks at (m/z) 736 and 782. No 
beauvericin (m/z) 784 and bassianolide (m/z) 909 were detected (Figure 6.19). Most of the insecticidal 
activity remained in the aqueous phase of the supernatant. Even after MeOH extraction, the freeze 
dried material of the aqueous phase of supernatant retained most of its insecticidal activities. The 
precipitate formed was more insecticidal than MeOH extract. HPLC fractionation of the freeze dried 
aqueous supernatant material showed there were UV-detectable polar metabolites which were not 
retained on the RPC18 column (Figure 6.20), semi-polar metabolites and absence of non-polar 
metabolites in the material. HPLC fractionation of MeOH extract and the precipitate showed the 
presence of similar peaks (Figure 6.21). All UV-detectable HPLC fractions of the freeze dried material 
tested against aphids showed some level of insecticidal activities (20% on average) but only peaks with 
insecticidal activities hitting above 50% aphid mortality were further analysed. MS of HPLC fraction 7 
showed the presence of (m/z) 684 (Figure 6.22) and its fragmentation pattern was shown in Figure 
6.23. HPLC fraction 17th min, which showed the highest insecticidal activity (above 90%), was further 
analysed via LC-MS. The LC-MS chromatograms of all the 17th min from the freeze dried material 
(Figure 6.18), MeOH extract (17M) (Figure 6.18) and precipitate (17P) (Figure 6.18) showed a major 
peak eluted at 11.8 to 12.3 min (Figure 6.24). The MS spectra of the peak found mass ion at (m/z) 810, 
559 and 252 (Figure 6.25). Comparison of the MS spectra of the peaks (17, 17M, 17P) (Figure 6.18) 
narrowed down to mass ions at (m/z) 810, 559, 442, 308 and 252 (Figure 6.26). Ratios of the four peaks 
(m/z) 810, 559, 308 and 252 differ in the three samples. MSMS acquisitions used parameters that 
resulted in the isolation of the whole isotopic patterns of precursor ion and allowed the use of Bruker 
SmartFormula3D tool (www.bruker.com) which gave strong predictions for (m/z) 814.11. The software 
tool combined the isotopic patterns information gathered from MS and MS/MS spectra for unknown 
compounds and limited the number of possible sum formulae to a single or a few hits. Isomeric 
metabolites were as observed in the active fraction (Figure 6.27). However, an expert in the 
technology, Stephen Haines, AgResearch (personal communication, 2014) advised that the approach 
taken could cause ambiguity if a compound with a very similar mass co-elutes with the main 
component as was the case for these samples. Different parameters would be needed to perform 
monoisotopic isolation of (m/z) 810.12. The fragmentation pattern of these mass ions was performed 
(Figure 6.25, 6.27, 6.28 and 6.29) but no known insecticidal metabolites were found that match the 
fragmentation patterns observed currently. 
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Figure 6.18. Bioassay and chemical analysis of the supernatant of a three-day-old starch-based K4B3 
culture.  
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Figure 6.19. MS profile of a hexane extract of the insecticidal supernatant of a three-day-old starch-
based K4B3 culture. Note the absence of beauvericin (m/z) 784, bassianolide, (m/z) 909 and 
beauverolides. 
 
Figure 6.20 HPLC chromatogram of freeze dried material (0.5 g ml-1) showing (A) the UV-detectable 
polar metabolites that were eluted with just water (peaks before 10 min), (B) semi-polar metabolites 
eluting gradually as the gradient changes (15-32 min) and (C) the absence of non-polar metabolites 
(32-39 min).  
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Figure 6.21. Comparison of HPLC chromatograms of (A) freeze dried material after treatment with Hex 
and EA (B) precipitate from treatment with MeOH (C) MeOH extract of freeze dried material 
 
 
Figure 6.22. MS profile of the 7th min from Figure 6.22. Major mass ion is (m/z) 684. 
 
Figure 6.23. MSMS fragmentation profile of (m/z) 684 of Figure 6.24. 
 
A 
B 
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Figure 6.24 LC-MS chromatograms of 17, 17M, 17P (Figure 6.20) and a blank injection. The K4B3 
products share a major peak eluting at 11.8 to 12.3 min. 
Peter Cheong Frac 17_Tray02-D4_01_3244.d: BPC +All MS, -Spectral Bkgrnd
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Peter Cheong Frac 17P_Tray02-D6_01_3248.d: BPC +All MS, -Spectral Bkgrnd
Blank_1308014_Tray01-A1_01_3245.d: BPC +All MS, -Spectral Bkgrnd
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Figure 6.25. Metabolite found at 11.9-12.7 min in 17M from Figure 6.26. 
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Figure 6.26. Comparison of the MS spectra of the major peak from Figure 6.26 included (m/z) 810, 559, 
308 and 252 in the chromatograms of 17, 17M and 17P. 
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Figure 6.27. MSMS of (m/z) 810, 812 and 814 from Figure 6.28. 
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Figure 6.28. MSMS spectrum of (m/z) 252 from Figure 6.28. 
 
 
Figure 6.29. MSMS spectra of (m/z) 442 and 308 from Figure 6.28. 
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6.8 Insecticidal supernatant enhancement via passaging K4B3 through 
insects 
6.8.1 Background 
In some cases, virulence of an entomopathogenic fungus could be improved by passing the fungus 
through insects (Brownbridge et al., 2001; Mitina et al., 2011; Ortiz-Urquiza et al., 2010; Quesada-
Moraga and Vey, 2003; Steinkraus et al., 1991). It has been shown repeatedly in vitro subculturing of 
an entomopathogenic fungus on artificial media could attenuate the virulence and ability to reproduce 
in vitro toxic macromolecules (Butt et al., 2006; Quesada-Moraga and Vey, 2003). Yet passaging 
through insects was not always successful in reviving virulence and could risk losing certain desired 
quality of an isolate and might lead to adaptation to the new host insect (Butt et al., 2006; Quesada-
Moraga and Vey, 2003). Despite growing K4B3 in media loosely mimicking the haemolymph of insects, 
the supernatant occasionally was not insecticidal. Passaging of K4B3 through cicada was carried out 
but the insecticidal activity of the supernatant from the recovered fungus culture was weak (Biotelliga, 
2014, data not published).  
Many entomopathogenic fungi including B. bassiana kill host insects shortly after overcoming the 
innate defences despite limited growth in the haemolymph. In some cases, toxins may be responsible 
for host death (Pendland et al., 1993). The mechanism is still not fully understood. The germination of 
blastospores in unison to the hyphal growth mode to attach and invade somatic tissues at a signal from 
quorum-sensing was postulated to release secondary metabolites and enzymes (Witzany, 2012). In the 
absence of yeast extract (YE) in a study, B. bassiana remained mostly as blastospores in Sabouraud 
broth (high in glucose and peptone content) (Bidochka et al., 1987). When inoculated into media with 
YE, all the blastospore turned into mycelium. The presence of YE encouraged the production of 
mycelium but lowered the blastospore count (Bidochka et al., 1987). 
This preliminary investigation evaluated alternative host insects for K4B3 to passage through in order 
to enhance the production of insecticidal supernatant of K4B3. The opportunity was also taken to 
evaluate if the insecticidal activity of the supernatants from the refreshed cultures was correlated to 
start pH and amount of blastospores produced.  
6.8.2 Materials and methods 
K4B3 was revived from stock culture and grown in glucose-based media at pH 8 as described in 
section 6.1. The aphicidal activity caused by the supernatant after fermentation for three days was 
35-60%. 
Insect infection method was modified from Inglis et al. (2012). Five groups of insects (five in each 
group) as below were dipped for 3 s in the unfiltered supernatant of K4B3 having blastospore count of 
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an average 2.5 x 108 spores ml-1. The insects were dried and left without food for faster infection 
process by K4B3. Only treated insects that didn’t die immediately, crawled away and were showing 
signs of mycosis were selected for further experiments. Insects used were: 
Ant, Tapinoma sessile 
Aphids, Myzus persicae 
Cricket, Teleogryllus commodus 
DBM caterpillar, Plutella xylostella (3rd and 4th instar) 
Mealworm, Tenebrio molitor 
Once an insect died of mycosis, the cadavers were disinfected to remove potential contaminants on 
their integument using a mixture of 0.04 g l-1 streptomycin sulphate (Sigma-Aldrich) and 0.0125 g l-1 
penicillin (Sigma-Aldrich) in 0.1% Tween 80 and 70% ethanol. The cadavers were placed in an 
environment with low relative humidity without moistened cotton batten in a sealed sterile container 
for a few days, to discourage growth on the surface of the integument. Smaller cadavers were 
transferred to a Malt Extract Agar (MEA) plates with addition of 0.04 g l-1 streptomycin sulphate and 
incubated at 25 °C. Bigger cadavers such as cricket and mealworm were peeled apart carefully using 
fine tweezers and the red meaty section of the insects underneath the cuticle were dissected and 
placed on the MEA. Care was taken not to contact the meaty section with cuticle integument of the 
insects. The recovered K4B3 through different insects were incubated for two weeks. Approximately 
1×1 cm fungal plug was cut from the edge of the growing colony on the agar plate and cultured in 100 
ml Sabouraud broth in round flat bottom flasks for five days with start pH 5.5, shake speed 150 rpm 
and incubated at 27 °C.  
The Sabouraud cultures (10 ml) were then used to inoculate 200 ml biosynthesis broth with start pH 
at 5.5 and 7.2. The pH of the biosynthesis broth was adjusted using 0.1 M CA and 1 M KOH (Sigma). 
The cultures were grown using the same parameters as above and harvested after five days. The 
supernatants were tested against aphids after sterile filtering via 0.2 micron filters (Sigma-Aldrich). 
Blastospores of the supernatants produced with start pH 5.5 and 7.2 were counted using 
haemacytometer (Hawksley: Improved Neubauer) using a light microscope at 400 x magnification and 
compared.  
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6.8.3 Results 
All K4B3 passaged through insects when cultured in media with a start pH 7.2 turned red. When 
cultured in media with start pH 5.5, only K4B3 passaged through mealworm turned red (Figure 6.30 
top). The supernatant of K4B3 passaged through mealworm was also the only supernatant of K4B3 
cultured in pH 5.5 demonstrating insecticidal activity above 50% by 48 h (Figure 6.31 top). Even though 
all K4B3 culture with start pH 7.2 turned red, only supernatants of K4B3 passaged through aphids, ants 
and mealworms killed aphids (above 75% by 48 h) (Figure 6.31 bottom). 
The spore count (Figure 6.32 and 6.33) of K4B3 passaged through different insects with start pH 5.5 
was between 107and 108 ml-1. The spore counts for K4B3 passaged through insects with start pH 7.2 
were much lower, between 105 and 108 ml-1. The final pH was from 3.8 to 4.0 for all the supernatants 
of K4B3 cultured at start pH 5.5 and 7.2. 
 
  
Figure 6.30. Glucose-based cultures after five days fermentation. From left to right: K4B3 passaged 
through mealworm, cricket, ant, aphid and DBM caterpillar cultured with start pH 5.5 (top) and pH 
7.2 (bottom). 
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Figure 6.31. Mortality of aphids Myzus persicae sprayed with supernatant of recovered K4B3 after 
passage through different insects then cultured in glucose-based medium at start pH 5.5 (top) and 
7.2 (bottom). Values are mean ± standard deviations. N=30 for each treatment.  
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Figure 6.32. Blastospore count of K4B3 cultures recovered from different insects and grown at start pH 
5.5 and 7.2. 
Ant                     
 
                     
Aphids                                                                                                                              
 
 
Cricket 
 
 
Caterpillar 
 
 
Mealworm 
 
Figure 6.33. Blastospores of K4B3 recovered after passage through different insects and grown in 
Sabouraud broth at pH 5.5 (left) and biosynthesis broth (right) (400x magnification). 
 
 
 
pH 7 pH 5.5 
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6.9 Discussion 
In the commercial sector, the aim is to produce high quality, viable and virulent entomopathogenic 
fungi in the shortest period of time by the cheapest method (Jackson et al., 1997) to reduce 
expenditure and to increase production. This can only happen if the product and process are well 
understood. Dealing with biological production is a challenge. A shift in the condition of growth yields 
a different outcome. It is therefore crucial to determine the condition required via an understanding 
on the influence of various media components, pH, temperature, aeration and inoculum size have on 
K4B3 to stimulate the production of insecticidal supernatant. With the key parameters determined, 
the condition could be optimised to trick the fungus into producing maximum yield of insecticidal 
metabolites using the shortest time frame, the lowest cost of ingredients and the easiest process.  
6.9.1 Production over time of insecticidal metabolites 
There are specific time windows to harvest maximum yield of metabolites, often during certain stages 
of fungal development. Harvest during the peak production of the metabolites is required, as 
metabolites can be converted or broken down by other crucial metabolism processes when nutrient 
depletes. Fungal secondary metabolites are normally produced when the cells enter stationary stage 
(Calvo et al., 2002). K4B3 appeared to be producing insecticidal metabolites in the supernatants at 
three different stages of growth: mass growth, stationary and sporulation stage of the fungus (Figure 
6.36). The supernatants sampled on the the third, fifth and seventh day of fermentation had 
significantly higher insecticidal activities than other days in most assays, with the highest activity 
obtained generally from supernatant of the third day, during the growing stage. As insect mortality 
decreased between these days, especially on the sixth day, it was likely that the insecticidal 
metabolites were broken down during fermentation process and new insecticidal metabolites were 
produced or reassembled. There could be three different types of insecticidal metabolites produced 
respectively in each stage. This observation however does not reflect the actual condition inside 
haemolymph. The host would have regulated its haemolymph, consistently adjusting the internal pH 
(Chapman et al., 2013), upregulating its immune system, osmotic pressure and other mechanism 
forcing the fungal pathogen to change its strategy constantly to overcome the host and other 
microbes.  
Part of the puzzle of the complex interaction and behaviour of fungal pathogen when growing inside 
the haemolymph however still could be deciphered from the artificial stimulation on shake flasks. It is 
possible that part of the insecticidal activity observed from the third window (Figure 6.34) could be 
due to enzymatic insecticidal metabolites and other metabolites. K4B3 mycelia were observed 
disintegrating after the seventh day, in response to carbon depletion in the presence of high quantity 
of endochitinase (Pócsi et al., 2009). In submerged cultures of model filamentous fungus Aspergillus 
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nidulans, age-dependent hydrolase production is regulated in a complex manner in order to release 
surviving hyphal structures and to provide nutrients for sporulation, when no other sources of 
nutrients are available (Emri et al., 2008). Sporulation often would have an influx of hydrolase released 
breaking down the mycelia.  
 
Figure 6.34. Three windows to harvest insecticidal supernatants over time at different start pH. 
Free-floating hyphal bodies after inoculation would be bathing in the nutrient-rich medium mimicking 
condition in the insect haemolymph, absorbing the available nutrients and multiplying exponentially 
(Witzany, 2012).  The medium in the flask became turbid with fungal cells similar to haemolymph. In 
B. bassiana, immunosuppressive compounds were produced first to suppress the host systems during 
the late stage of vegetative development (Upadhyay, 2003).  At a particular threshold, a synchronous 
switch in cell phenotype inside haemolymph occurs (Hornby et al., 2004; Witzany, 2012). All hyphal 
particles converted from budding to hyphal growth mode to attach to and invade somatic tissues at a 
signal from quorum-sensing. Cell-free haemolymph collected at this interval induces the switch at low 
concentrations under nutrient-rich in vitro conditions (Witzany, 2012). The tissue-invasive phenotype 
released enzymes and secondary metabolites that killed the host, digested and assimilated somatic 
tissues. The result was the production of a mycelial biomass inside the insect. Window one resembled 
the switch involving a quorum-sensing chemistry to morph and release insecticidal metabolites. The 
metabolites produced in window one were therefore of high interest.  
6.9.2 Influence of pH  
Assisting K4B3 by adjusting the start pH to around 3 did not stimulate the fungus to jumpstart the 
production nor produce the desired insecticidal metabolites. The growth condition was slower at low 
start pH compared to cultures with start pH above 5.5. A pH of 3 was found to be toxic to all B. bassiana 
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isolates tested in another study; the conidia germinated but growth was totally inhibited (Padmavathi 
et al., 2003). In previous studies, B. bassiana could tolerate a various range of pH from 4 to 14 
(Sanzhimitupova, 1980, as cited in Padmavathi et al., 2003, Shimazu and Sato, 1996, Padmavathi et al., 
2003). The general observation that fungi favour media with pH value less than 5 (Inglis et al., 2012) is 
not entirely true for B. bassiana in general, at least not initially and not for K4B3. At the start, this 
fungus preferred slightly above neutral or alkaline which it then acidified to below 5 as early as 24 h 
after inoculation.  
The insecticidal activities were observed from supernatants of three-day-old cultures of K4B3 with 
start pH above 5.5. The start pH range observed for the production of insecticidal metabolites was 
from 5.5 to 9.5. The hydrolase enzymes of the fungus require a moderately alkaline pH akin to pH of 
insect surfaces at 7.7 or pH 6.8 of haemolymph to assimilate the nutrient available to grow in mass 
(Chapman et al., 2013; St. Leger et al., 1998) and from there to produce insecticidal metabolites. The 
optimal initial pH for growth of B. bassiana was reported at 5.2 (Pham et al., 2009), 6 to 7 (Karthikeyan 
et al., 2008) and 7 to moderately alkaline (Padmavathi et al., 2003). Given that K4B3 is a B. bassiana, a 
non-host specific fungus capable of infecting a broad range of insects, it was able to adapt and was 
stimulated to produce insecticidal metabolites when the artificial medium was set with start pH above 
5.5. The ability of K4B3 to produce insecticidal metabolites at start pH higher than 10 was however not 
investigated.  
The pH of insect haemolymph is usually between 6.4 and 6.8, although values above pH 7 have been 
recorded in larvae of dragonfly and midge (Chapman et al., 2013) and some were slightly acidic 
(Klowden, 2013). The haemolymph tends to become more acidic during insect activity due to the 
liberation of acid metabolites (carbon dioxide). This explains why an active and healthy insect would 
be able to hinder the growth and production of the insecticidal metabolites of entomopathogenic fungi 
in general. When the start pH was at 3, the growth of K4B3 was inhibited and no insecticidal 
supernatant was produced after three days. 
The buffering capacity of an insect haemolymph is mediated by various compounds, including 
bicarbonate, inorganic phosphate, the carboxylic and amino acids (Chapman et al., 2013). When 0.25 
µl 0.4 M HCl was injected into the haemolymph of Schistocerca (bird grasshopper), the pH of the 
haemolymph was adjusted back to normal within 24 h (Chapman et al., 2013). The final pHs of the 
insecticidal supernatants of K4B3 were 3.5 to 4.0, i.e. lower than the initial start pH. The low final pH 
was likely due to the production of organic acids which would inhibit the growth of other bacteria 
(Calvo et al., 2002) and possibly play havoc with the immunosuppressive system of the host (Roberts, 
1992). It would be interesting if the pH of the media could be buffered to around neutral for the first 
48 h, to mimic the condition inside haemolymph of a healthy insect in future studies.  
 188 
There is much to learn on the impact of initial pH or the optimum pH on the production of insecticidal 
metabolites of entomopathogenic fungi. The optimum pH for the production of beauvericin in a 
Fusarium in vitro culture was recorded from pH 6.6 to 7.2 (Wang and Xu, 2012; Xu et al., 2010), pH 
similar to the haemolymph of insects. It would be sensible then to raise the initial pH used by Biotelliga 
from 5.5 to neutral or above neutral when mass producing K4B3 for the insecticidal supernatant. 
Indeed, some experiments in the current study showed greater production with a start pH 8 rather 
than start pH 5.5 (e.g. Figure 6.34). 
6.9.3 Influence of media  
Nutrients made available to an entomopathogenic fungus will determine its fungal growth, propagule 
form, yield, desiccation tolerance, storage stability and biocontrol efficacy (Jaronski and Jackson, 
2012). The composition of the biosynthesis medium of K4B3 though was not fully understood, but was 
actually a good mix and match for it mimics the haemolymph of insects in general (Table 6.5). Glucose 
was a representative of trehalose, the principle sugar in most insect haemolymph (Harrison et al., 
2012; Klowden, 2013). Trehalose is rapidly converted to glucose for immediate metabolism in 
glycolysis and Krebs cycle (Nation, 2008).  It is present at 5-50 times higher than glucose (Klowden, 
2013) making up for the inefficiency of the circulatory system in distribution of the nutrient in insect 
by diffusion. There is, therefore, justification to use high concentration of glucose in the biosynthesis 
medium of K4B3. Mineral salt potassium has a stimulative effect in the glycolytic cycle, while deficiency 
of phosphate may inhibit metabolism of sugar (Wang et al., 2008b). Deficiency or excessive magnesium 
could influence the mycelia growth and metabolite production (Wang et al., 2008b). Salt at 0.9-1.6% 
encompass the range of osmotic pressure in insect haemolymph (Klowden, 2013; Nation, 2008). 
Insects in Ephemeroptera, Odonata and Dictyoptera largely use sodium and chloride, but with 
contributions from magnesium, potassium and calcium (Klowden, 2013). Sodium is an important 
cation in Diptera, Mecoptera and Neuroptera but chloride is replaced by higher concentrations of 
amino acids (Klowden, 2013). In Hymenoptera and Lepidoptera, amino acids and other organic 
molecules play a major role along with potassium and lesser involvement of sodium (Klowden, 2013). 
These ionic differences were attributed to the insect diets. Plant-feeding insects contained higher 
levels of potassium and carnivorous insects had higher levels of sodium (Klowden, 2013). In the 
developing insect larva as well, most free amino acids are stored in the haemolymph which is in 
continuous contact with tissues and insect cells (Chen, 2013). Occurrence of free amino acid, 
derivatives and peptides in twenty insect species belonging to seven orders; Lepidoptera, Diptera, 
Coleoptera, Orthoptera, Odonata, Hymenoptera and Hemiptera showed the presence of alanine, 
glutamate, glycine, leucine, proline, tyrosine and valine in all the insects studied (Figure 6.35).  During 
the development of the silkworm moth, the concentrations of methionine, glutamic acid and the 
aspartic acid are correlated with the activity of the silk glands (Chen, 2013). The biosynthesis broth of 
 189 
K4B3 therefore was incorporated with bacteriological peptone, tryptone and methionine to provide 
assorted range of amino acids resembling the haemolymph of a broad range of insects and developing 
larvae. The ratio of the amino acids required however was not fixed as the ratio in haemolymph 
fluctuates in insects depending on age, health and food availability (Chen, 2013).  
Glucose and peptone were found necessary in a mycelial fermentation of Fusarium redolens to 
produce beauvericin (Xu et al., 2010). The current research was therefore directed at identifying 
possible stimulants or enhancers of insecticidal metabolite production of K4B3 via manipulation of 
carbon and nitrogen sources.   
 
Figure 6.35. Occurrence of free amino acid, derivatives and peptides across twenty insect species 
belonging to seven orders. Seven amino acids (marked in red) occurred in all the insects tested 
(modified and adapted from Chen (2013)). 
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Table 6.5. General functions of the ingredients in the biosynthesis medium used to culture K4B3  
(Biomedicals, 2014 ; Wang et al., 2008a). 
Ingredient Composition 
(%) 
Function 
Bacteriological peptone 1.00 Source of nitrogen and amino acid 
Tryptone 0.20 Source of nitrogen and amino acid 
Yeast extract 0.20 Sporulation and source of carbon, nitrogen and 
amino acid 
Potassium dihydrogen phostate 0.20 Basic buffering agent, metabolism of sugar 
Magnesium chloride 0.05 Mineral, growth and metabolite production 
Salt 0.60 Osmotic stress imitation of haemolymph 
L-Methionine 0.07 Source of amino acid 
Glucose 3.00 Source of carbon 
6.9.4  Effect of carbon 
All culture media in this study facilitated the growth of K4B3. K4B3 utilized glucose and starch as the 
preferred carbon source to produce insecticidal supernatant compared to all other carbon sources 
tested. Glucose is the simplest form of carbohydrate. Galactose is also a simple carbohydrate yet 
galactose-based cultures did not yield strong contact insecticidal supernatant. Interestingly, the 
omission of carbon in the medium did not affect the production of insecticidal metabolites. The 
supernatant from the culture without a carbon source was the second most insecticidal after glucose-
based medium. B. bassiana proved capable of producing some mycelial growth without the presence 
of a carbon source in a previous study (Campbell et al., 1983).  However, yeast extract in the medium 
could have served as the alternate carbon source. Yeast extract consists of water-soluble portion of 
autolyzed yeast, which contains an undefined mixture of amino acids, peptides, vitamins especially B-
complex vitamin and carbohydrates (Sørensen and Sondergaard, 2014).  
The production of insecticidal metabolite was clearly enhanced in the presence of glucose. The 
concentration of glucose in the medium appeared to influence the insecticidal activity as well. 
Supernatant of a three-day-old culture with 3% glucose (biosynthesis broth) killed all aphids whereas 
the supernatant of the same age with the same composition but 1% glucose killed an average 82% 
aphids. In a carbohydrate utilisation study to distinguish between Beauveria and Tolypocladium based 
on API 50 CH biochemical tests, B. bassiana was reported 100% efficacy on glucose, sucrose and 
cellobiose (Todorova et al., 1998). This was further supported by another study where B. bassiana 
grew and sporulated best on d-sucrose, d-trehalose, and d-glucose (Campbell et al., 1983). In K4B3, 
the production of higher amount of insecticidal metabolites was triggered in the presence of glucose. 
The mechanism and and exact stage of K4B3 toxin secretion remained unclear. The release of 
mycotoxin was speculated to happen when blastospores germinated into infectious hypha mode 
(Witzany, 2012). Another documented phase of mycotoxin production and release in several 
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mycotoxigenic genera was during sporulation (Calvo et al., 2002). The earlier notion however was 
stronger. In K4B3, the production of insecticidal supernatant was observed as early as the third day. In 
the experiment on the influence of different carbon sources and carbohydrates, the insecticidal activity 
of K4B3 supernatants decreased after the third day of fermentation and the supernatants after the 
seventh day was not the most insecticidal (presumably glucose and sucrose would have been depleted 
by then and sporulation would have occurred).  
Cellulose, galactose and chitin were unsuitable carbohydrate sources for K4B3 insecticidal metabolite 
production. Despite B. bassiana being able to utilise cellulose (Todorova et al., 1998), cellulose and 
galactose were not supporting mycelial growth of B. bassiana (Campbell et al., 1983). B. bassiana lacks 
several families of cellulases and other enzymes involved in degrading plant cell walls (Xiao et al., 
2012). Low biomass and growth could be the reason for the low insecticidal activity. Complex 
carbohydrate such as galactose and lactose do not support aflatoxin production as well (Calvo et al., 
2002) and in the same API 50 CH biochemical tests, B. bassiana was observed to utilise  galactose and 
starch with 86% efficacy (Todorova et al., 1998). In the current study starch supported the production 
of insecticidal metabolites in K4B3. In addition, supernatant derived from B. bassiana culture using 
starch as a carbon source was reported aphicidal (Kim et al., 2010a). Non-enzymatic insecticidal 
metabolites in their B. bassiana supernatant were not investigated. K4B3 could hydrolyse starch to 
glucose but it could not utilise cellulose in the experiment, which is closely related to starch. Chitin and 
insect material from mealworms and cicadas did not stimulate the production of contact-insecticidal 
metabolites in K4B3. The outermost insect surface is covered by a lipid-rich layer, usually composed of 
very long chain hydrocarbons (Huarte-Bonnet et al., 2014). Fungi have to pay a high cost of oxidative 
stress for hydrocarbon utilization; high levels of reactive oxygen species (ROS) are produced and a 
concomitant antioxidant response is triggered in fungal cells. The energy probably was channelled to 
protect itself from ROS in order to use the insect material (cicada and mealworm) as sole carbon source 
(Huarte-Bonnet et al., 2014; Kim et al., 2013; Luo et al., 2015) instead of producing the insecticidal 
metabolites. The relationship between hydrolases, insect material and insecticidal activities will be 
discussed further in Chapter 7. 
6.9.5 Effect of nitrogen source  
Fungi, unlike diazotrophic bacterial species, lack the ability to fix gaseous nitrogen and have to obtain 
reduced forms of nitrogenous compounds from alternative sources. The nitrogen catabolite research 
was first carried out in the model Ascomycetes, Saccharomyces cerevisiae, Aspergillus nidulans and 
Neurospora crassa. When metabolically favoured sources are exhausted, available nitrogenous 
compounds are then selectively consumed. In C. albicans, nitrogen limitation promotes switching from 
budding yeast to filamentous hyphal form, independent of nitrogen sources (Bidochka et al., 1987; Lee 
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et al., 2013). In the absence of bacteriological peptone, YE and tryptone would have supplied most of 
the nitrogen sources required by K4B3 to grow and still produce insecticidal metabolites. 
Bacteriological peptone therefore was not necessary for the production of insecticidal supernatant.  
Peptone was the optimal organic nitrogen source for the production of beauvericin (Wang and Xu, 
2012). Mycological peptone was preferred by B. bassiana K4B3 for the production of insecticidal 
metabolites compared to bacteriological peptone. The general analysis of the content showed some 
major differences in terms of amino acid composition in the peptones used (Bridson, 1998)(Figure 
6.38). Mycological peptone showed higher content of alanine, lysine, leucine, threonine, glutamic acid 
and tyrosine than bacteriological peptone. Alanine, glutamic acid, leucine, and tyrosine were among 
the seven amino acid present in the haemolymph of twenty insects studied (Figure 6.37). Mycological 
peptone and YE both had higher amount of tyrosine, leucine and glutamic acid than bacteriological 
peptone. The three amino acids could be influencing the production of the insecticidal metabolites. 
The total nitrogen of mycological peptone was at 9.5% and the NaCl content was 1.1.%. Bacteriological 
peptone contained nitrogen content of 14.0% and NaCl of 1.6% (Atlas, 2004).  
Peptone from different sources influenced the growth and production of metabolites (Bridson, 1998). 
Increasing peptone content (bacteriological peptone and YE) in S2 culture did not enhance the 
production of insecticidal metabolite in K4B3. Instead it was observed to be more repellent to aphids. 
Sporulating entomopathogenic fungi often produces repulsive odour that keep insects away (Stamets, 
2011). This could account for the aphid’s behaviour, as they would have picked up the repellent cue 
and stayed away from the leaf discs in S2. Tryptophan and alanine supported growth and sporulation 
in B. bassiana (Campbell et al., 1978). YE and not bacteriological peptone was good for sporulation of 
B. bassiana (Barnes et al., 1975) yet alanine content was lower in YE compared to bacteriological 
peptone and both YE and bacteriological peptone contained the same low amount of tryptophan 
(Figure 6.36). In the presence of YE, lower overall blastospore counts due to the rapid formation of 
mycelia from blastospores was observed (Bidochka et al., 1987).  
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Figure 6.36. Amino acid composition of different peptones (modified from Bridson, 1988) 
Increasing the quantity of methionine resulted in more insecticidal activity in supernatants at five fold 
dilutions compared to the other supernatants at the same dilution. Paecilomyces fumosoroseus, in a 
feed batch study using radioactive [14C]-labelled precursors was shown to incorporate methyl-labelled 
methionine efficiently into beauvericin (Peeters et al., 1983). Though beauvericin was not detected in 
the starch-based supernatant, the biosynthesis of the insecticidal metabolite must have been triggered 
still in the presence of higher mixture of amino acids available including methionine at the time of 
germination into an infectious form. Manipulation of the nutritional and environmental conditions; 
nitrogen source, phosphate, dissolved oxygen, pH, temperature and inoculum size, during the liquid 
culture growth of the fungi, can be used to induce production of the desire propagule (Jackson, 2011; 
Jaronski and Jackson, 2012). The morphological differentiation and development of B. bassiana in 
various liquid media was quoted to be an interesting approach to find if they correlate to the 
production of insecticidal metabolites (Bidochka et al., 1987). In Bidochka et al. (1987)’s study, the 
yield of blastospores was four-fold higher in B. bassiana culture with peptone-glucose combination 
than cultures grown in yeast extract-peptone-glucose (YPG). In cultures containing only glucose, no 
blastospores were produced, only mycelia. The highest biomass was obtained in glucose-peptone-
yeast extract media. Nutritionally rich media with high carbohydrate concentrations have been shown 
to produce higher amount of blastospores (Jaronski and Jackson, 2012). Yeast extract was not essential 
for blastospore production (Bidochka et al., 1987) but enhanced the germination of blastospores to 
form mycelia.  
Supernatant from K4B3 culture grown using conidial spores in mycological peptone exhibited the 
highest insecticidal activity. The higher content of mycological peptone used at 3% for K4B3 would 
have increased the quantity of blastospores rapidly and because of the presence of YE, caused the 
blastospores to germinate rapidly into mycelia. The germination of blastospores into mycelia 
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simultaneously probably releases abundant amount of the insecticidal metabolite, as suggested by 
Witzany (2012) and morphic state observation in different media of B. bassiana by Bidochka et al. 
(1987). The peptone content in Bidochka et al. (1987)’s YPG was at 1% and gave optimal production of 
blastospore by the third day.  
6.9.6 Influence of temperature 
Fungi secrete hydrolases and metabolites to adjust their surroundings for better growth and 
metabolism. Yet, their growth is temperature dependant.  
The rate at which the blue green colour of solid media changed to yellow was the quickest at 25 °C 
compared to all other temperatures tested. This indicated the optimum temperature of growth and 
metabolism for K4B3 will be around 25 °C. The fungus was slow growing below 20 °C. At 30 °C, the 
growth was totally retarded. This is in agreement with the temperature profiles on growth of B. 
bassiana on Sabouraud agar at 25 °C as the optimum temperature and no growth at 5 and 35 °C 
(Hallsworth and Magan, 1999). A B. bassiana (J57) however exhibited relatively high mycelial growth 
on Sabouraud agar at 30 °C in another study (Vu et al., 2007). 
At 30 and 35 °C in a liquid culture however, K4B3 was observed still growing in mass. The production 
of the insecticidal metabolites was not detected at 35 °C on the third day. Prolonged fermentation at 
30 °C showed a delayed production of the metabolites at start pH 8. The synthesis of insecticidal 
metabolites could have been deactivated when the temperature was between 30 and 35 °C in 
response to heat shock. In yeast, glutathione biosynthesis enzymes were up-regulated as heat shock 
proteins to protect the fungus (Pócsi et al., 2004). During the entire period of elevated temperature, 
heat shock proteins are the main proteins synthesised (Tereshina, 2005). 
The insecticidal metabolite production appeared to correspond to the optimum growth temperature 
of the fungus at 27 °C as determined in previous cultural studies (Inglis et al. 1996, Hallsworth and 
Magan, 1999) and in this current study on K4B3.  
6.9.7 Supernatant from starch-based media 
No beauvericin and bassianolide were detected in the supernatant when the fungus was grown in 
starch-based media. This is in agreement with observation from previous workers (Xu et al., 2009b, 
2010) that peptone and glucose are required for the production of beauvericin and probably other 
NRP metabolites. K4B3 grown in glucose-based medium contained negligible quantity of beauvericin 
and bassianolide in the supernatant as quantified in Chapter 5. In starch-based media, polar insecticidal 
metabolites which were UV-detectable were observed as well eluting in the ‘void volume’ (before 10th 
min) and when the gradient shifted to around 40% MeCN. Insecticidal metabolites which eluted in the 
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‘void volume’ were not retained on the column and MS profile performed gave (M+1) (m/z) 684 at 7th 
min. The 17th min metabolite could be isomeric with (m/z) 810. The other metabolites detected within 
the 17th min were (M+1)(m/z) 559, 308 and 252. These unidentified mass ions could be new toxins and 
required further evaluation. 
6.9.8 Insecticidal supernatant enhancement via passaging K4B3 through insects 
The aim of passaging K4B3 through insects other than the original host cicada to recover and increase 
the contact insecticidal activity of the supernatants was achieved. K4B3 passaged through mealworm 
larvae, ant and aphids were producing insecticidal supernatants with supernatant produced from K4B3 
passaged through mealworm the most insecticidal. Mealworm larvae were thus the more favourable 
host insects. In addition, the insect size eased the process of surface sterilisation and removal of the 
cuticle, to reveal the infected tissue (dark red tissue due to the presence of oosporein) and recover 
K4B3 through the infected tissue. K4B3 passaged through ants and aphids though were producing 
insecticidal supernatants, the host insects were less favourable because of the tougher surface 
sterilisation processes and infection verification due to the size of host insects. Even though K4B3 
infection in DBM caterpillars was easily recognised via the red cadavers and the dark reddish tissue of 
the cricket were similar to mealworm larvae, K4B3 passage through these two insects produced 
weaker insecticidal supernatant compared to the supernatants produced from K4B3 passaged through 
mealworm, ant and aphids. Despite the observation by Quesada-Moraga and Vey (2003) that all crude 
filtrates of a B. bassiana when passed through insects were still toxic upon injection into insects, the 
enhancement of insecticidal K4B3 supernatant was demonstrated only by passing through certain 
insects and under the influenced of medium start pH approaching neutral mimicking the haemolymph 
of insects (Chapman et al., 2013).  
The concurrent incident of high mortality observed with low blastospore count in supernatant of K4B3 
cultured with start pH 7.2 suggest that a synchronous switch in cell phenotype had occurred reducing 
the quantity of blastospore (Hornby et al., 2004; Witzany, 2012). The germination of blastospore into 
mycelia would have released the insecticidal metabolite at the same time in high quantity which was 
demonstrated via the insecticidal activity. This however required further study and verification.   
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6.10 Conclusion 
B. bassiana is a non-host specific fungus and would express thousands of genes, including those for 
cuticle-degrading enzymes, toxin production, stress responses, and cell wall reorganization before and 
after reaching the haemolymph (Wang et al., 2008a). Gene expression is usually strongly influenced by 
external nutrient environment and other cues such as temperature. In this study and previous work, 
B. bassiana was strongly influenced by media composition (nitrogen and carbon sources) (Kim et al., 
2013). Clear evidence is provided that there are more insecticidal metabolites causing toxicity apart 
from beauvericin and bassianolide. 
The optimal production of the insecticidal metabolites can be different from the optimal growth 
conditions of K4B3. Based on the results obtained, the optimal fermentation conditions were 
concluded as follows: initial pH 7-8, temperature 27 °C, inoculum volume 2% of three-day-old culture 
and ferment duration three to five days. This chapter provides useful data for further optimization of 
production of K4B3. Glucose enhanced the production of the insecticidal metabolites. Apart from 
glucose, starch with equal ratio of YE content could stimulate the production of the insecticidal 
metabolites. The glucose was preferably autoclaved separately to avoid caramelization. The optimal 
fermentation medium composition would preferably include a slightly higher amount of methionine 
than the current Biotelliga medium, which could increase the insecticidal strength by five-fold. In 
addition, substitution of bacteriological peptone with mycological peptone is proposed. K4B3 
inoculated with conidial spores cultured in high peptone-glucose media for two days would provide 
good uniform ‘seed culture’ (inoculum) for production.  
6.11 Recommended production summary:- 
Adjusted start pH : 8 
Glass vessel  : 250 ml conical flask with silicone sponge closure 28 mm 
Volume in a flask : 100 ml 
Inoculum  : 2% of three-day-old K4B3 culture (2 ml inoculum in 100 ml broth) 
Shake speed  : 225 rpm 
Temperature  : 27 °C  
Fermentation duration : Three days  
Fermentation medium : Biosynthesis medium (Glucose-based) 
   : Starch medium (Starch-based) 
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Table 6.6. Biosynthesis medium composition  
Ingredients (Original) Weight (g) per 100 ml  
 
Bacteriological Peptone (Oxoid) 
Tryptone (Oxoid) 
Yeast Extract (Oxoid)  
NaCl (Scharlau)  
KH2PO4 (Scharlau)  
MgCl2 (Scharlau)  
L-Methionine (Acros)  
Glucose/dextrose (Scharlau) 
Filtered reverse osmosis water 
 
1.00 
0.20 
0.20 
0.60 
0.20 
0.05 
0.07 
3.00 
100.00 
 
Table 6.7. Starch medium composition 
Ingredients (Original) Weight (g) per 100 ml  
 
Tryptone (Oxoid) 
Yeast Extract (Oxoid)  
NaCl (Scharlau)  
KH2PO4 (Scharlau)  
MgCl2 (Scharlau)  
L-Methionine (Acros)  
Starch (Scharlau) 
Filtered reverse osmosis water 
 
0.20 
1.00 
0.60 
0.20 
0.05 
0.50 
1.00 
100.00 
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Chapter 7 
Chitinase, protease and macromolecule proteins of K4B3 
7.1 Introduction 
Recently Kim et al. (2010a) demonstrated topical aphicidal activity of supernatant from a B. bassiana 
strain. The aphicidal activity was strongly correlated to chitinase production (Kim et al., 2010a), and 
not with the production of proteases Pr1 or Pr2 (Kim et al., 2010c). Proteases have been shown to be 
involved in the infection process of M. anisopliae and other fungi (St. Leger et al., 1998). Yet hydrolases, 
such as chitinase, are mostly associated with their roles for accelerating the process of the host cuticle 
penetration (Rohlfs and Churchill, 2011; Samsináková et al., 1971), thus aiding successful infection in 
insects (Donatti et al., 2008; Kim et al., 2010a; Montesinos-Matıas et al., 2011; Samuels and Paterson, 
1995) and not insecticidal activities via contact. B. bassiana has also been reported to produce several 
toxic macromolecules, which when injected into insects, induced mortality and melanisation of the 
insect integuments (Fuguet et al., 2004; Mollier et al., 1994; Ortiz-Urquiza et al., 2010; Quesada-
Moraga and Vey, 2004).  
In this chapter, the role of chitinase and proteases of K4B3 was evaluated for topical insecticidal 
activities, together with a preliminary investigation of the presence of insecticidal macromolecules 
(proteins) of K4B3. 
7.2 Materials and methods 
7.2.1 Enzymatic production over time in submerged cultures   
A series of submerged cultures of K4B3 were evaluated for the production of chitinase and protease 
Pr 1 (7.2.3) using glucose, starch and mealworm material as carbon sources. K4B3 was grown in the 
glucose-based medium (Table 6.6) with start pH of 5 and 8 (adjusted using 0.1 M HCl and 1 M NaOH). 
The starch-based medium (Table 6.7) at pH 8 consisted of 1% (w/v) yeast extract and starch. The 
mealworm-based medium consisted of 0.75% (w/v) of freeze dried mealworm Tenebrio molitor 
material adjusted to pH 7 (using 1 M NaOH). A hundred Tenebrio molitor larvae (obtained from 
BioSuppliers, Auckland, NZ) were frozen, freeze dried and ground. The ground mealworm material was 
added to a basal medium consisting of sodium chloride (0.2% w/v) and potassium dihydrogen 
phosphate (2%). All media were autoclaved and inoculated with 2 ml of the final volume (100 ml) of a 
three-day-old fermentation broth of K4B3. The growth conditions were as described in Appendix A.1.4. 
The flasks were constantly shaken at 225 rpm and incubated at 27 °C for seven days, generally sampled 
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every 24 h. All samples were stored at -20 °C directly after collection. pH changes of the daily samples 
were also compared. Aphid mortality was determined as described in Chapter 2. 
7.2.2 Chitinase activity 
Supernatants were assessed for chitinase activity by measuring the amount of p-nitrophenol released 
from p-nitrophenyl-β-D-acetylglucosaminide (pNG) (Kim et al., 2010a). The method was modified to 
allow for measurements using 96-well microtiter plates. A 50 µl cell-free supernatant was mixed with 
50 µl of 10 mM pNG (Sigma-Aldrich) and 150 µl of 0.1 M phosphate buffer (pH 6). Two replicates were 
carried out for each sample. The samples were incubated at 37 °C and the kinetic assay was performed 
using a spectrophotometer (Thermo Scientific) at 405 nm. At intervals of 30 min data collection was 
performed automatically to assess the chitinase activity in the supernatants. The unit for chitinase 
activity was defined as the amount of enzyme required to release 1 mmol of p-nitrophenol per h per 
ml. A standard curve of p-nitrophenol was prepared at the same time. Measurements of commercial 
chitinase from Streptomyces griseous (Sigma-Aldrich) were also included as a positive control. 
7.2.3 Protease Pr1 activity 
Protease Pr1 activity was determined by measuring the amount of p-nitroanilide (NA) released from 
specific synthetic substrate N-Succinyl-alanine-alanine-proline-phenylalanine-p-nitroanilide (Donatti 
et al., 2008). Each assay consisted of 0.05 ml of 1 mM succinyl-alanine-alanine-proline-phenylalanine-
p-nitroanilide (Sigma-Aldrich) as a substrate, 0.85 ml of 15 mM Tris-HCL buffer (pH 8.5), and 0.1 ml 
cell-free supernatant. The mixture was incubated for 1 h at 28 °C and measured at 410 nm. Data 
collection was performed at intervals of 30 min. Unit of enzyme activity (U) was defined as the amount 
of the enzyme able to release 1 nmol of p-nitroanilide (NA) s-1 ml-1 under the assay conditions. 
Proteinase K (PK)(Sigma-Aldrich) (20 mg ml-1) was included as a positive control.  
In addition, a dual substrate agar consisting of 1% casein and 1% gelatine (Montville, 1983) was 
prepared to assess the production of the protease enzymes from the time course study. Fifty µl of each 
of the supernatant samples was placed into a well in the agar. The plate was incubated at 37 °C for 24 
h. Proteinase K (PK) (Sigma-Aldrich) was included as a positive control. 
7.2.4 Effect of heat and EDTA on chitinase and insecticidal activity 
In a first experiment, 10 ml of an insecticidal supernatant of a three-day-old starch-based K4B3 culture 
was autoclaved in a 15 ml Falcon tube at 121 °C for 15 min. In a second assay, the supernatants were 
incubated with 10 mM EDTA at 37 °C overnight. The chitinase activity of the treated supernatants was 
measured as described in 7.2.2 and aphid bioassay carried out as described in Chapter 2.  
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7.2.5 Extraction of protein metabolites from supernatant 
Protein metabolites were precipitated from 500 ml of cell-free supernatant using ammonium sulphate 
(NH4)2SO4 (350 g) (Analar Standards) at 70% saturation in a cold room (6-10°C). The salt was added 
slowly into the cell-free supernatant and the solution was stirred. The solution was then left in the 
fridge at 4 °C overnight. Precipitates formed were collected via centrifuge at 4000 rpm for 15 min. 
Approximately 500 mg of the precipitate was passed through a 20 × 2 cm Sephadex G-25 column using 
0.1 M Tris-HCl buffer at pH 6.5 as the mobile phase. A total of eighty fractions were collected (1 ml 
each). Fifty µl of each fraction was added to 150 ul of seawater with ten brine shrimps and observed 
for mortality after 24 h. The fraction with the highest mortality was then separated further via sodium 
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) using a 10% Tris-glycine gel 
(Invitrogen), 10× SDS PAGE running buffer of Tris-HCl, pH 8.3 and 1% SDS. The sample buffer containing 
Coomassie Brilliant Blue R-250 (CBB) was diluted with samples and 10 µl of the solutions was loaded 
into the wells for electrophoresis. Bands on the gel after de-staining were compared against the ladder. 
Molecular weight markers used were bovine albumin (66 kDa), egg albumin (45 kDa), glyceraldehyde-
3-phosphate dehydrogenase (36 kDa), carbonic anhydrase (29 kDa), trypsinogen (24 kDa), soybean 
trypsin inhibitor (20.1 kDa), and b-lactalbumin (14.2 kDa) (Sigma-Aldrich). The bands were cut out and 
analysed using matrix-assisted laser desorption/ionization-time of flight-mass spectrometry (MALDI-
TOF-MS). Results obtained were used to interrogate a genome sequence of K4B3.  
The precipitate was re-dissolved at 16 and 30 mg in 200 µl water and MeOH for bioassay against aphids. 
Controls were (NH4)2SO4 in water and MeOH. 
7.2.6 Statistical analysis 
All data were subjected to One-Way Analysis of Variance (ANOVA) which was followed by an 
unrestricted Least Significant Difference (LSD) test, using a 5% level of statistical significance. 
7.3 Results 
7.3.1 Bioactivity and pH changes over duration of culture 
The direct toxicity of supernatants from glucose-, starch- and insect-based K4B3 cultures to aphids was 
as reported in Chapter 6. Mortality of aphids was highest using supernatants from three days of growth 
with start pH above 5.5. There was no aphid mortality in all daily supernatants of mealworm-based 
medium. Supernatants from starch-based medium exhibited 100% mortality after 24 h using the third, 
fourth dan fifth day samples. The pH of the unbuffered glucose-based K4B3 culture generally 
decreased to around pH 3.7 within two days. The pH of the mealworm-based K4B3 culture decreased 
after the first day but quickly rose to around pH 7 by the second day. In daily samples of starch-based 
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K4B3 culture, the pH remained unchanged on the first day but gradually decreased to pH 4 after four 
days then increased slowly until the end of the fermentation (Figure 7.1).   
 
 
Figure 7.1. Changes in pH of supernatants over seven days of growth sampled from glucose-, starch- 
and mealworm-based K4B3 cultures (27 oC). 
7.3.2 Chitinase activity in daily samples 
The enzyme kinetics assessed after 1 h of substrate incubation with the daily samples demonstrated 
supernatants of K4B3 culture collected on the sixth and seventh day of growth contained the highest 
amount of chitinase in glucose-based medium with start pH 8 (Figure 7.2). Within 1 h incubation, the 
substrate was digested by the high content of chitinase present and the amount of end product, p-
nitrophenol, released was recorded. Glucose-based media with start pH 5 showed a lower content of 
chitinase compared to other samples. The highest chitinase production was detected in samples of 
seventh day of all media (Figure 7.2).  
The starch-based medium enhanced the production of chitinase as early as the fourth day of culture 
growth and the supernatants collected from culture on the fifth, sixth and seventh day showed high 
contents of chitinase enzyme. The highest production of chitinase using a starch-based medium was a 
day earlier than the glucose-based medium.  
The mealworm-based medium supported higher production of chitinase after three days 
fermentation compared to both glucose- and starch-based media.  
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For comparison, the chitinase standard at 1 mg ml-1 in the buffer gave an average OD reading of 0.15 
after 1 h incubation at 37 °C. 
 
Figure 7.2. Chitinase activity after 1 h at 37 °C comparing the daily supernatant samples of the cultures 
grown in glucose-, starch- and mealworm-based media. The error bars are the least significant 
difference (5%). 
7.3.3 Protease Pr1 activity in daily samples 
The highest level of detected protease Pr1 enzyme was after five days of fermentation using glucose-
based medium with start pH 8 (Figure 7.3). In the starch-based medium, however, production peaked 
on the fourth day of fermentation and the amount of Pr1 detected was much lower than what was 
produced in glucose medium at pH 8. Glucose-based medium with start pH 5 showed high protease 
Pr1 activity only after seven days of fermentation. 
In the presence of mealworm material, Pr1 was produced in abundance as early as the second day 
(Figure 7.3) and remained high throughout the fermentation.   
The protease activity of the supernatants was greater than the standard Proteinase K which gave an 
average OD reading of 0.128.  
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Figure 7.3. Pr1 activity comparing the daily supernatant samples of the cultures grown in glucose-, 
starch- and mealworm-based media (activity after 1 h incubation at 37 °C). The error bars are the least 
significant difference (5%). 
7.3.4 Casein-gelatine agar  
After 24 h of incubation, cloudy halos and distinct precipitation zones surrounding the wells could be 
detected on the casein-gelatine plates, suggesting proteolytic activity. Proteinase K, used as a 
standard, produced distinct white opaque precipitation ring (Figure 7.4A). Daily supernatant samples 
(except one-day-old sample) from glucose-based medium showed cloudy halos for all days (Figure 
7.4A). The seven-day-old sample showed distinct precipitation like PK. The halos produced when 
starch-based medium samples were applied were larger (Figure 7.4B). All except one-day-old daily 
samples from the mealworm-based medium showed distinct precipitation (Figure 7.4C). 
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Figure 7.4. Casein-gelatine plates with daily supernatant samples added to wells. (A) Glucose-based 
K4B3 supernatant with start pH 5, (B) starch-based K4B3 supernatant with start pH 8 and (C) 
mealworm-based K4B3 supernatant with start pH 7.  PK= Proteinase K. 
A 
B C 
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7.3.5 Heat and enzyme inhibitor treatments 
Heat-treated supernatant samples from glucose-based K4B3 culture on all days showed strong 
aphicidal activity, despite being autoclaved at 121 °C for 15 min. The activity was stronger for heat 
treated samples than non heated samples for five- and six-day-old supernatants (Figure 7.5). The 
supernatants from three-day-old starch-based K4B3 cultures showed almost no enzymatic activities 
after heat or EDTA treatment (Figure 7.6). The aphicidal activity was, however, still high (Figure 7.7).  
 
 
Figure 7.5. Mortality of aphids Myzus persicae 24 h after treatment using daily supernatant samples 
from glucose-based K4B3 culture grown with start pH 8, with and without autoclaving at 121 °C for 
15 min.  
 
 
Figure 7.6.  Chitinase activity from heat (autoclaved) and enzyme inhibitor EDTA treated supernatant 
samples from a three-day-old starch-based K4B3 culture with start pH 8. Values are mean ± standard 
deviations.  
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Figure 7.7. Aphicidal activities from heat (autoclaved) and enzyme inhibitor EDTA treated  supernatant 
samples from a three-day-old starch-based culture with start pH 8. EDTA= blank medium added with 
EDTA. 
7.3.1 Macromolecular metabolites  
The precipitate of K4B3 supernatant when re-dissolved in water and MeOH, respectively, killed aphids 
in 24 h (Figure 7.8). The controls, (NH4)2SO4 in MeOH and water, had no effect on the aphids. The 
precipitate subjected to Sephadex G25 yielded a total of 84 fractions, with the most toxic fraction 
(number 21) killing 60% of the brine shrimps in 24 h (Figure 7.9). Fraction 21 was thus subjected to 
SDS-PAGE and two major bands around 55 kDa and 21 kDa were obtained (Figure 7.10). MALDI-TOF 
analysis of the bands was carried out and the MS and peptide sequences were as presented in Table 
7.1.  
Peptides from bands 1 and 2 had alignment with K4B3 genome (unpublished) protein predictions and 
the publicly available B. bassiana genome ARSEF 2860.  The peptides, mainly from band 2, have 
alignment with a hypothetical protein in a region that has several enzyme-encoding genes.  In the B. 
bassiana publicly available genome (ARSEF 2860) the protein-encoding region is on contig 00153_1 
and in K4B3, it covers two contigs (10633 and 252) with a gap (Figure 7.10). This gene has a conserved 
region which is of unknown function but common in bacteria, viruses and fungi.  The specific hit 
(pfam14388) is to a domain of unknown function (“Duf”).  Proteins in this family are typically between 
348 and 454 amino acids in length.  Within this conserved domain is a ligand-binding domain of the 
CaSR calcium-sensing receptor within the G-protein coupled receptor.  The protein identified in K4B3 
and ARSEF 2860 has an estimated MW of approximately 52 kDa, similar to banding on the original SDS 
gel. The protein had matches to peptides from both band 1 and 2.  
Upstream of this hypothetical gene there is a mannitol-1-phosphate dehydrogenase [B. bassiana 
ARSEF 2860 gb|EJP69106.1] gene and a phosphoglucose isomerase [B. bassiana ARSEF 2860 
gb|EJP69107.1]. Downstream there is a glutathione S-transferase [B. bassiana ARSEF 2860 
gb|EJP69104.1] gene. Further upstream there is a serine/threonine-protein kinase gad8 [B. bassiana 
ARSEF 2860 EJP69108]. 
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Figure 7.8. Mortality of aphids Myzus persicae 24 h after treatment with protein precipitate at different 
concentration in MeOH and water. 
 
Figure 7.9. Mortality of brine shrimps Artemia salina 24 h after treatment with fractions from Sephadex 
G-25. 
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Figure 7.10. SDS-PAGE of Fraction 21 showed the presence of two major bands at 55 and 21 kDa 
(horizontal arrows). 1. Molecular Weight markers, in kDa, 2. Precipitate before Sephadex G25, 3. 
Precipitate before Sephadex G25 (diluted 5X),  4. LH 20 fraction, 5. LH20 fraction (diluted 5X), 6. MeOH 
of Precipitate before Sephadex G25,  7. MeOH of Precipitate before Sephadex G25 (diluted 5X), 8. 
Molecular Weight markers, in kDa,  9. MeOH of Precipitate before Sephadex G25 with Urea, 10. MeOH 
of Precipitate before Sephadex G25 with Urea (diluted 5X), 11. Fraction 21 from Sephadex G25, 12. 
Fraction 21 from Sephadex G25 (diluted), 13. Fraction 21 from Sephadex G25 with Urea, 14. Fraction 
21 from Sephadex G25 with Urea (diluted). 
Table 7.1. MS and peptide sequences of the protein bands obtained from SDS PAGE (Fig. 7.10) of the 
toxic Fraction 21 from Figure 7.9. 
Bands Peptide m/z Peptide sequences 
1 1 972.97655 R.TMMENVTKYLVTGGVMIG.T 
 2 470.79294 T.NVLPSLGLK.I 
 3 523.28252 H.LSSPASLKNK.I 
 4 605.31089, P.ISYPSSVQAEK.L 
 5 794.38066 S.MGATAAEK.A 
2 1 511.25443 V.GSGMAGELQR.A 
 2 618.28117 R.SGSHFCGGSLLN.A 
 3 523.28416 H.LSSPASLKNK.I 
 4 639.33332 K.LTLASFPSHHAP.D 
 5 775.4509 P.IPVGYAR.A 
 6 1096.52255 K.MNTITIVSSN.T 
 7 651.33507 K.LTIASM.T 
 8 654.83526 K.EIYEDQLREL.M 
 9 1006.51817 K.GKFVDAAALN.A 
 10 538.26205 K.GTPMKQLFH.L 
 11 665.32536 K.IVQDALNAAAQGR.T 
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3 1 704.35772 R.ARSINSG.K 
 2 404.19885 C.IAANNFR.S 
 3 401.74174 W.RTLLGSR.A 
 4 546.75663 G.SGGGGSGSGEGKR.L 
 5 415.24919 K.VVVIGGGTAG.L 
 6 631.80322 T.QALEGEGDSNLK.R 
 7 707.84828 R.VDEGFSQIALTPH.H 
4 1 695.84572 N.SQIQASLASQMPK.L 
 2 484.22675 K.MDAAEKMR.R 
 3 523.28233 K.LSSRLLNEN.I 
 4 678.82835 R.TMDSIMSIGEKL.A 
 5 416.24544 A.LSVLGNTK.Q 
 6 408.25186 V.RTAIQVK.D 
5 1 484.23319 K.MDAAEKMR.R 
 2 554.27514 L.AQYQEIINK.K 
 3 766.05967 T.VAIYMPMIPEAIVAMLACVR.L 
 4 856.52583 F.AISLSLPR.R 
 5 786.47262 K.ADLLQVK.I 
 
 
Figure 7.11. Alignment of contig from 2860 (top sequence in yellow) with K4B3 contigs for the region 
of protein match to peptides identified as potential insecticidal toxin. Putative genes are shown in 
green. There were several gaps where there was no alignment.  
 
 
Figure 7.12. Alignment of peptides from Table 7.1 to K4B3 contig 10633.   
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Figure 7.13.  K4B3 contig 252 which has the 5’ end of the hypothetical gene.  A peptide match is shown. 
7.4 Discussion 
Proteases and chitinases as insecticidal agents have often been considered as potential future bio-
insecticides (Bahar et al., 2012; Harrison and Bonning, 2010). Proteins constitute 55-80% of the insect 
cuticle and some is bound to chitin fibrils of the insect (Bidochka and Khachatourians, 1988). The 
secretion of proteases is an important pathogenic factor for fungal attack on cuticles (Bidochka and 
Khachatourians, 1988; Dias, 2008; Donatti et al., 2008; St. Leger et al., 1986). Both proteases and 
chitinases degrade the insect cuticle but chitinase in particular was observed to have a strong influence 
on aphicidal activity in comparison to proteases (Kim et al., 2010c; Kim et al., 2010a). In the present 
study, both chitinase and protease Pr1 were produced in high quantities during the late stages of the 
fermentation process using glucose and starch-based media. The strongest aphicidal activity was 
detected after three days of fermentation, however, this corresponded to minimal production of these 
enzymes. The high content of protease (Pr1) and chitinase produced in mealworm-based medium 
throughout the fermentation did not result in aphid mortality. Proteases and chitinases were therefore 
not the agents responsible for the aphid mortality in this study.  
This is further supported by the observation using three-day-old supernatant of starch-based medium 
which had been heat and EDTA treated. Both showed contact aphicidal activity despite the lack of 
detectable chitinase or Pr1 activity.  
The protease enzyme Pr1 resembles the robust serine endoprotease proteinase K, but Pr1 is far more 
effective than Proteinase K at degrading insect cuticle (St. Leger et al., 1992).  In the current study, 
proteases which caused distinct white precipitation zones similar to those of the standard Proteinase 
K were detected using casein gelatine agar. In this study, high concentrations of Pr1 protease measured 
in the enzymatic assay correlated with the formation of white opaque precipitation bands. When 
production of the Pr1 enzymes was low, cloudy halos were observed instead of the distinct 
precipitation, indicating this dual-substrate plate diffusion assay is useful for the detection of high 
production of proteases Pr1 and proteinase K-like enzymes.  
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Previously, the presence of purified Pr1 protease in the haemolymph of tobacco hornworm (Manduca 
sexta) larvae resulted in degradation of the haemolymph proteins, melanisation in the haemolymph 
and the internal anatomy of the larvae, thus killing them (Harrison and Bonning, 2010).  
When an entomopathogenic fungus infects an insect, the proteases Pr1 and Pr2 would expose the 
chitins, which then induce the production of chitinase by the fungus to further break down the barrier 
to get into the nutrient-rich haemolymph of the insect (St. Leger et al., 1996). During proliferation in 
haemolymph or an environment with high catabolizable carbon and nitrogen sources, protease would 
be unlikely to be produced first, but would be induced in the presence of insect cuticle (St. Leger et al., 
1992; Wang et al., 2005). Hence in the mealworm-based medium, I observed protease produced in 
large quantity on the second day, in comparison to chitinase, in the presence of mealworm material. 
The mealworm-based medium, which contained chitin, induced the fungus to produce chitinase as 
well in quantity exceeding the amount produced using glucose- or starch-based media by the third 
day. Protease production was detected a day later than chitinase, and only in quantity after the fourth 
day for starch-based medium and the fifth day for glucose-based medium at a start pH 8. It would be 
expected that during natural infections, the fungus would also start producing protease and chitinase 
(Coudron et al., 1984) to break out of the insect to form spores only when the nutrients were depleted.  
However the supernatant from mealworm-based culture was not insecticidal at any time point. 
The fungal isolate used in the present study appears to produce aphicidal metabolites, rather than 
toxicity due to the production of enzymes.  A number of insecticidal metabolites have been isolated 
from B. bassiana and several other entomopathogenic fungi (Fuguet et al., 2004; Goettel et al., 2010; 
Hanson, 2008). B. bassiana produces the cyclooligomer nonribosomal depsipeptides beauvericin and 
bassianolide, the diketomorpholine bassiatin, the cyclic peptides beauverolides, the dibenzoquinone 
oosporein, and the 2-pyridone tenellin (Xu et al., 2008), not all of which are considered insecticidal. 
Studies found the majority of these toxic metabolites aid in the virulence mechanism of the fungi; 
overcoming the immune system of the hosts and enabling the fungus to colonize the hosts and exclude 
other opportunist microbes (Strasser et al., 2000b). Metabolites could also be important to immobilize 
the insect after infection, for example to prevent the insect from elevating the body temperature in 
the sun to eliminate the fungus (Inglis et al., 1996). In the current studies, higher temperatures (35 °C) 
also reduce the ability of the fungus to produce insecticidal metabolites (data not shown). The 
determining factor for the production of toxic metabolites may not be due to the presence of protein 
or chitin source from the insect cuticle but more likely sugar content and complex carbohydrate like 
starch.  
Beauvericin and bassianolide were reported to kill adult blowfly Calliphora erytrocephala, silkworm 
and mealworm when injected (Grove and Pople, 1980). Beauvericin was also reported to be toxic to 
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mosquito Aedes aegypti. A two-day-old fungal culture was found to be actively producing and 
accumulating bassianolide (Xu et al., 2009a). Beauvericin and bassianolide were also reported not to 
degrade as a result of heat treatment (Kanaoka et al., 1978).  
However, neither beauvericin and analogues nor bassianolide were found in abundance from the 
supernatant of three-day-old K4B3 culture. Instead, a group of hydrophilic compounds, which were 
aphicidal, were isolated. This group of compounds remains to be further identified. 
The macromolecule peptide around 55 kDa may be an unidentified toxin. B. bassiana genomes contain 
many more bacteria-like toxins than other fungi, for example 13 heat-labile enterotoxins, 3,002 protein 
families (containing 7,283 total predicted proteins) involved in cell metabolism, energy, cell cylcle, 
transcription, transportation, signal transduction and cell differentiation were identified in ARSEF 2860 
genome (Xiao et al., 2012). That genome has 18.2% higher proportion of genes encoding putatively 
secreted proteins, encodes eight genes showing similarities to Bacillus thuringiensis Cry-like delta 
endotoxins while other related fungi have at most one of these genes (Xiao et al., 2012). Most fungi 
lack genes for bacterial zeta toxin-like proteins but B. bassiana ARSEF 2860 has three and the other 
insect pathogens studied one, suggesting that insect pathogens may use the bacterial toxin-antitoxin 
system to control cell stasis or death. Further work is needed to clone this gene into a vector and 
express, to determine insecticidal function via contact.   
B. bassiana genome codes for significantly more trypsins (23 vs an average of 2 in plant pathogens), 
subtilisins (43 vs. 17), aspartic proteases (21 vs 18) and carboxypeptidases (52 vs 32) (Xiao et al., 2012). 
B. bassiana and plant pathogens have similar numbers of cysteine peptidases (47 vs 43), threonine 
peptidases (20 vs 19) and metallopeptidases (98 vs 89) (Xiao et al., 2012). The broad host range of B. 
bassiana adapted it to have more proteases.  
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7.5 Conclusion 
Strains of B. bassiana are known to vary considerably in many traits, including insecticidal activity. The 
B. bassiana isolate used in this study produces insecticidal metabolite(s) that may be novel. Chitinase 
and the protease Pr1 were produced in high concentrations but this did not correlate with insecticidal 
activity, suggesting that these enzymes were not responsible for the observed contact toxicity. 
Identification of the unknown mortality factors and their modes of action will provide enormous 
possibilities in formulating new products, as only a few fungal derived agrochemicals have been 
developed (Gibson and Krasnoff, 1999) as contact pesticides. A protein identified, but of unknown 
function, could also be insecticidal. 
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Chapter 8 
Role of of organic acids in direct toxicity to insects  
8.1 Background 
The supernatant of K4B3 contains unidentified UV-detectable polar metabolites, as described in 
Chapter 5. Previous research on Mucor hiemalis showed similar characteristics of polar insecticidal 
metabolites (Konstantopoulou et al., 2006) and suggested that the polar insecticidal metabolites could 
be organic acids. Organic acids such as oxalic acid (OxA), citric acid (CA) and dipicolinic acid (DPA) 
produced by B. bassiana have been described as insecticidal and have been shown to play a role in 
pathogenicity (Aliano and Ellis, 2009; Asaff et al., 2005; Bacandritsos et al., 2007; Bidochka and 
Khachatourians, 1991; Gregorc and Poklukar, 2003; Kirkland et al., 2005). Phytopathogens such as 
brown rot fungi are known to produce OxA to attack plants (Jarosz-Wilkolazka and Gadd, 2003).   
The nature and amount of organic acids excreted by fungi are influenced by the pH, buffering capacity 
of the environment, the carbon, nitrogen sources as well as the presence of certain metals (Adams et 
al., 2007; Fomina et al., 2005; Jackson et al., 1989). This chapter assessed the content of organic acids 
produced by K4B3 via gas chromatography mass spectrometry (GC-MS) and the effect of vitamins, 
minerals and CA on the production of insecticidal compounds of submerged cultures of K4B3.  
The influence of different types of trace metals on the production of oxalate acid and insecticidal 
activities was also assessed. Trace metals have different effects on the growth and the production of 
certain metabolites of in various fungi (Adams et al., 2007; Jackson et al., 1989). Toxic metals may 
increase oxalate excretion in fungi (Fomina et al., 2005). 
Zinc (Zn2+) for example, is required as a cofactor in numerous fungal enzymes, toxins and antibiotics 
and in OxA biosynthesis (Adams et al., 2007; Jackson et al., 1989). Copper (Cu2+) treatment at 15 mM 
induced the fungus Beauveria caledonica to produce between 0.6 and 2 mM of oxalate and 13 mM CA 
(Plassard and Fransson, 2009).   
The influence of vitamin, minerals and CA on the production of insecticidal compounds in submerged 
cultures of B. bassiana K4B3 was assessed by measuring the insecticidal activity, pH, and the 
production of organic acid in reference to OxA. The fungal cultures were grown in starch-based 
medium in shake flasks supplemented with vitamin B, minerals and CA respectively.  
The aims of the following experiments were to investigate which organic acids with potential 
insecticidal activities were produced in the glucose and starch-based media, whether there was a 
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correlation between acid production and insecticidal activity, and whether the supplementation of 
growth media with micronutrients would enhance the production of insecticidal organic acids.  
8.2 Composition of organic acids in insecticidal supernatants  
8.2.1 Materials and methods 
Insecticidal supernatants of three-day-old glucose- and starch-based K4B3 cultures (cultivated using 
ingredients as described in Table 6.6 and Table 6.7 and recommended parameters in Chapter 6) were 
freeze dried and analysed for organic acids (Smart et al., 2010). Freeze dried material of an insecticidal 
starch-based supernatant was passed through a LH20 resin column to separate the metabolites as 
described in 4.3. Fractions were collected and the insecticidal fraction was included for a general 
profile of organic acid. All supernatants and active fraction were freeze dried, derivatised, and analysed 
on a GC-MS (Smart et al., 2010).  
Sample preparation 
The freeze dried samples were derivatised directly using a fast alkylation reaction based on methyl 
chloroformate (MCF). The reaction converts amino and non amino organic acids into volatile 
carbamates and esters in 1 min at room temperature (25 °C) in aqueous phase (Smart et al., 2010). 
Briefly, the dry metabolite sample was resuspended in 200 μl of 1 M NaOH in a silanized reaction tube. 
The mixture was added with 167 μl of methanol and 34 μl of pyridine as a catalyst and briefly vortexed. 
The mixture was added with 20 μl of MCF and vortexed vigorously for 30 s. Reaction time is a critical 
factor. Another 20 μl of MCF was added to the samples followed by vigorous vortex for another 30 s. 
The MCF derivatives formed in the reactive mixture was separated by adding 400 μl of chloroform and 
vortexing vigourously for 10 s, followed by addition of 400 μl of 50 mM sodium bicarbonate NaHCO3 
and vigorous vortex for 10 s. The tubes were centrifuged at 3000 rpm for one min. The upper aqueous 
layer was discarded and the chloroform phase containing derivatives of organic acid was dried. The 
dry organic samples (freed of water) were transferred to GC-MS vial assembled with a glass insert. The 
vial was capped and screwed firmly for analysis. 
GC-MS Analysis 
Samples (1 μl) were injected into the GC-MS in pulsed splitless mode (inlet pressure: 1.8 bars for 1 min, 
20 ml min−1 split flow after 1.01 min). The GC oven temperature was initially held at 45 °C for 2 min. 
Thereafter, the temperature was raised with a gradient of 9 °C min−1 until it reaches 180 °C. This 
temperature (180 °C) was held for 5 min. The temperature was then raised with a gradient of 40 °C 
min−1 until 220 °C and again held for 5 min, after which the temperature was raised with a gradient of 
40 °C min−1 until it reached 240 °C and held for 11.5 min. Finally, the temperature was raised with a 
gradient of 40 °C min−1 until it reached 280 °C, where it was held for 2 min. Gas flow through a 
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Phenomenex ZB-1701 GC-capillary column, 30 m × 250 μm × 0.15 μm with 5-m guard column was held 
constant at 1.0 ml of He min-1. The injection volume was 1 μl. The temperature of the inlet was 290 °C, 
the interface temperature is 250 °C and the quadrupole temperature was 200 °C. The GC column was 
equilibrated for 6 min before each analysis. 
The MSD device was operated in scan mode, starting after 5 min with a mass range of 38–650 AMU at 
1.47 scans per s identification.  The components were identified by comparing their mass spectra with 
methylchloroformate (MCF) spectra from an in-house library at Auckland University, New Zealand. 
8.2.2 Results 
The major organic acids detected in the supernatant of a three-day-old glucose based K4B3 culture 
were 2, 6-pyridinedicarboxylic acid (DPA) and oxalic acid (OxA) (Figure 8.1). Other acids like citric acid 
(CA), lactic acid (LA), aspartic acid (AA) and malonic acid (MA) were detected in low quantities. The 
organic acid profile of insecticidal starch-based supernatant displayed the presence of DPA and OxA as 
well (Table 8.1). The freeze dried starch-based supernatant when resuspended in water and 
fractionated on LH20 column resulted in a single insecticidal fraction, which revealed the presence of 
OxA, among other acids (Table 8.1). 
 
Figure 8.1. Detection of acids in the supernatant of three-day-old K4B3 culture grown in glucose-based 
medium. 
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Table 8.1. Organic acid profile of supernatant of a K4B3 culture grown in starch-based medium and the 
insecticidal fraction separated from the supernatant using a LH20 column 
Supernatant of Starch-based Culture Fraction 2 from LH20 column 
2-Aminoadipic acid  
2-Hydroxybutyric acid  
2-Oxobutyric acid 4-Hydroxyphenylacetic acid 
Aspartic acid 
Benzoic acid 
Citraconic acid 
Dipicolinic acid 
Fumaric acid 
Glutamic acid 
Lactic acid 
Malic acid 
Malonic acid 
N-Acetylglutamic acid 
Nicotinamide 
Nicotinic acid 
Oxalic acid 
Succinic acid 
3-Methyl-2-oxopentanoic acid 
Oxopentanoic acid 
Aspartic acid 
Benzoic acid 
Glutamic acid 
Lactic acid 
Oxalic acid 
Succinic acid 
 
8.3 Production of major organic acids in a glucose-based culture over time  
8.3.1 Materials and methods  
Five ml supernatants were taken daily for a week from a K4B3 culture grown in two flasks using 
ingredients and parameters as described in Table 6.6 and Appendix A.1.4. The supernatants were 
freeze dried, weighed and analysed for organic acid using GCMS as described in 8.2.1.  
8.3.2 Results 
Both OxA and DPA were detected after 24 h with OxA at a higher concentration compared to DPA 
(Figure 8.2). By the second day, OxA was at the maximum amount and then decreased. The 
concentration of DPA, on the contrary, increased gradually and levelled off after the sixth day. The 
insecticidal activity of the supernatant produced using the same ingredients and parameter was shown 
in Figure 6.5. 
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Figure 8.2. Production of OxA and DPA from K4B3 in a glucose-based medium over growth time. 
8.4 Influence of carbon sources and start pH on the production of major 
organic acids in glucose-based medium of K4B3 
8.4.1  Materials and methods  
Organic acid analysis using GC-MS 
Two ml supernatants were taken daily for a week from cultures grown in different carbon sources as 
described in 6.6.2. The supernatants were freeze dried, weighed and analysed for organic acids as 
described in 8.2.1. Insecticidal activity of these samples is shown in Figure 6.11. The weight of each 
supernatant after freeze drying can be found in Appendix A.7.  
K4B3 culture in different start pH 
Two ml supernatant of seven-day-old glucose-based cultures cultivated in different start pH as 
described in 6.5.2 were freeze dried, weighed and analysed for OxA and DPA content as described in 
8.2.1.  
8.4.2 Results 
All cultures were growing well except the culture with acidic start (pH 3) where the growth was slower. 
Carbon source had little obvious effect on the production of OxA by K4B3 (Figure 8.3). An increase of 
OxA production was observed in the seventh day samples when cicada material was used. Without a 
specific carbon source, the OxA was still being produced. However, no DPA was produced when cicada 
material was used (Figure 8.4). 
OxA was not produced by K4B3 when the culture was started at pH 3. The fungus produced an 
increasing linear production of OxA when grown at alkaline start pH (Figure 8.5). DPA was produced at 
almost similar quantities in all K4B3 cultures with different start pH. 
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Figure 8.3. OxA composition in supernatants of three-, five- and seven-day-old K4B3 cultures 
supplemented with different carbon sources. NoC=No carbon. 
 
Figure 8.4. DPA composition in supernatants of three-, five- and seven-day-old K4B3 cultures 
supplemented with different carbon sources. 
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Figure 8.5. OxA and DPA composition in the supernatants of seven-day-old K4B3 cultures grown in 
glucose-based medium with different start pH. 
8.5 Insecticidal and antimicrobial activity of organic acids 
8.5.1 Background 
The presence and production of OxA as the major organic acid detected in supernatants and bioactive 
fractions of K4B3 cultures (glucose- or starch-based media) appeared to be corresponding to the 
insecticidal activity. This experiment attempted to determine if the mortality of aphids was dependant 
on the concentration of OxA. OxA and DPA were also tested for their antimicrobial activities. 
8.5.2 Materials and methods 
A series of concentrations of commercially obtained OxA (Analar standard) was tested against aphids 
using two application methods; airbrush spraying as described in Chapter 2 and a Potter tower. The 
Potter tower was conditioned at 10 psi pressure using intermediate nozzle. Four ml of supernatant 
together with 0.25% Casanova surfactant (Biotelliga, NZ) were sprayed onto the aphids. The treated 
aphids were checked for mortality at 24 and 48 h.  
OxA and DPA were tested against Gram-positive bacteria (B. subtilis, Staphylococcus aureus), Gram-
negative (Escherichia coli) and yeast (Saccharomyces cerevisiae) as described in disc diffusion assay 
(3.2.3) at 1,000 and 100,000 ppm. 
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8.5.3 Results 
At 50 mM of OxA, aphid mortality was above control levels and increased with OxA concentration. The 
effective dosage that killed aphids above 50% by 48 h was at 100 mM or above for both airbrush and 
Potter tower (Figure 8.6 and 8.7). The cadavers were not desiccated. Aphids in the negative control 
were proliferating. 
At 1,000 ppm, both OxA and DPA showed no inhibition against the microbes (Table 8.2). At 100,000 
ppm, OxA inhibited the growth of all the microbes tested. DPA could inhibit the growth of B. subtilis 
but not others at the high concentration.  
 
Figure 8.6. Mortality of aphids Myzus persicae sprayed with different concentration of OxA using the 
airbrush method. 
 
Figure 8.7. Mortality of aphids Myzus persicae sprayed with different concentration of OxA using a 
Potter tower method. Values are mean ± standard deviations. N=30 for each treatment.  
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Table 8.2. Effect of organic acid against Gram-positive, Gram-negative bacteria and yeast.  
Treatment            [’000 ppm] 
Bacillus 
subtilis 
Staphylococcus 
aureus 
Escherichia 
coli 
Saccharomyces 
cerevisiae 
Oxalic acid 1  0 0 0 0 
 100 +++ +++ +++ +++ 
DPA acid 1  0 0 0 0 
 100 0 ++ 0 0 
Chloramphenicol 100 ++ +++ ++ 0 
* Pathogens were from the collection available at veterinary medicine and biomedical sciences 
department of Lincoln University. 
Activity was classified as 0: no effect; +: weakly fungistatic and bacteriostatic (reduced density of 
microbial growth and clear zones of inhibition measuring 8.0 to 8.5 mm in diameter ); ++: Fungistatic 
and bacteriostatic (average clear zones of inhibition measuring from 8.5 to 15 mm in diameter), +++: 
Fungicidal and bacteriocidal (strong inhibition clear zones measuring over 15 mm in diameter). 
8.6 Influence of vitamins, minerals and citric acid on the production of oxalic 
acid and insecticidal activities of K4B3 
8.6.1 Materials and methods 
Vitamin B 
The effect of vitamins on the production of OxA was tested by adding 50 mg of crushed tablet powder 
of Vitamin B complex (Vit B complex (Clinician)), Vit B2 (BASF), Vit B3 (Apotex), Vit B6 (PyridoxADE) and 
Vit B12 (Solgar)) to 300 ml of starch-based medium (Table 6.7) at pH 8. The Vit B complex contains Vit 
B1 ( 84 mg), Vit B2 (75 mg), Vit B3 (75 mg), Vit B5 (55 mg), Vit B6 (61 mg), Vit B12 (50 mcg), Vit C (100 mg), 
folic acid (300 µg), biotin (100 µg), choline (182 mg), and inositol (75 mg). Blank starch-based medium 
served as a control. Fermentation medium (100 ml) was then dispensed into three 250 ml baffled 
flasks, inoculated with 2% of frozen K4B3 cultures and shaken at 225 rpm at 27 °C. The pH, biomass of 
the cultures and insecticidal activities were measured after three days of fermentation. Four ml of cell-
free supernatant from each flask of each treatment were added with 0.25% Casanova surfactant and 
sprayed onto aphids using a Potter tower, as described in 8.5.1. Uninoculated blank media and 
pyrethrum (5 ml l-1) added with 0.25% Casanova surfactant served as control. Mortality of aphids was 
observed after 24 h.  
Minerals 
The effect of minerals was tested from a modified method (Fomina et al., 2005) by adding 15 mM of 
the following minerals to 300 ml starch-based medium (Table 6.7); zinc sulphate (ZnSO4), copper 
sulphate (CuSO4), cobalt chloride (CoCl2), magnesium chloride (MgCl2) and manganese chloride 
(MnCl2). All solutions were adjusted to pH 8. The amount of each mineral added can be found in 
Appendix A.7. Uninoculated blank media and pyrethrum (5 ml l-1) added with 0.25% Casanova 
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surfactant served as control. Similar fermentation (process as above) and aphid bioassay via Potter 
tower (8.5.1) were conducted. Mortality of aphids was observed after 24 h. 
Effect of citric acid supplementation 
The effect of CA was tested by adding CA to the starch-based media at 50, 100 and 200 mM and the 
solutions were readjusted to pH 8 before inoculation. The amount of CA added can be found in 
Appendix A.7. Uninoculated blank media and pyrethrum (5 ml l-1) added with 0.25% Casanova 
surfactant served as control. Similar fermentation (process as above) and aphid bioassay via Potter 
tower (8.5.1) were conducted. Mortality of aphids was observed after 24 h. 
Organic acid detection 
Organic acids are UV-detectable. With an available specific HPLC column for organic acids and organic 
acid standards at Auckland University, the organic acids secreted in the supernatant of the medium 
were analysed and quantified by HPLC. A range of organic acid standards (Sigma-Aldrich) were 
dissolved in DI water at 5 mg ml-1 and analysed using a Phenomenex column (Synergi 4 µm Hydro-RP 
80 250 x 4.6 mm) at UV 220 and 254 nm using 20 mM Potassium phosphate buffer at pH 2.7 acidified 
using formic acid at isocratic condition. The flow rate was set at 0.7 ml min-1 for 16 min. The injection 
volume was set at 25 µl. The retention time of the standards were determined (Appendix A.7.4, Figure 
A.7.1). Supernatants (cell-free) were centrifuged at 12,000 rpm for 15 min to remove mycelial debris.  
The organic acids present in the supernatants were identified via the retention time of the standards. 
The amount of organic acid present in the supernatants was then compared based on the peak area 
size.  
Oxalic acid quantification 
Using the peak area of oxalic acid standard (Sigma-Aldrich) at different concentrations, a calibration 
curve with a correlation value of 0.99 was made of oxalic acid (Figure 8.14).  
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8.6.2 Results 
pH  
All vitamin and mineral supplemented cultures were at pH 4 after three days of fermentation except 
where CoCl2 was added which was above pH 7. Cultures supplemented with CA at different 
concentrations and adjusted to pH 8 were at a pH above 6 (Figure 8.8). Vit B12 had a final pH of 4. 
 
Figure 8.8. pH of three-day-old starch-based cultures of K4B3 supplemented with different Vit Bs, 
minerals and concentrations of citric acid (CA). Values are mean ± standard deviations.  
Bioactivity at 24 h 
Supernatant from Vit B2 supplemented culture showed the highest insecticidal activity (74% aphid 
mortality), followed by Vit B3 (49% aphid mortality) compared to other groups of Vit Bs (Figure 8.9) at 
24 h. The Vit B complex supplemented culture which contained 75 mg Vit B2, however, did not show 
equivalent insecticidal efficacy at 24 h.  
Aphids sprayed with supernatant from CoCl2 supplemented culture gave the highest aphid mortality 
(82%). The cadavers ‘caved in’. Supernatants from all other mineral supplemented cultures killed 
aphids better than water control but not exceeding 60% mortality at 24 h.  
Supernatants of K4B3 cultures supplemented with CA at different concentration showed above 50% 
insecticidal activities against aphids at 24 h.  
Further evaluation found blank media (uninoculated with K4B3) supplemented with Vit B2 was most 
toxic against aphids (mortality above 70%) by 24 h (Figure 8.10). Blank media supplemented with CoCl2 
and CuSO4 demonstrated mild toxicity (below 30%) by 24 h.   
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Figure 8.9. Mortality of aphids Myzus persicae after 24 h treatment with supernatants of K4B3 cultures 
supplemented with different Vit Bs, minerals and citric acid (CA).  Values are mean ± standard 
deviations. N=30 for each treatment.  
 
 
Figure 8.10. Mortality of aphids Myzus persicae after 24 h treatment with uninoculated media 
supplemented with different Vit B2, Vit B3, Vit B12, cobalt chloride (CoCl2) and copper sulphate (CuSO4). 
Values are mean ± standard deviations. N=30 for each treatment.   
Detection of organic acids 
Without Vit B supplement, K4B3 grown in starch medium was producing OxA, succinic acid (SUCA) and 
CA (Figure 8.11). Other organic acids detected in lower quantity were tartaric, lactic, acetic, dipicolinic, 
and malic. Supplementing singular Vit B had no major effect in enhancing the production of OxA (Figure 
8.11). Supplementing a mixture of Vit Bs enhanced the production of DPA and  (Figure 8.11). The level 
of OxA present in supernatant of K4B3 culture supplemented with Vit B12 was also similar to that 
observed in supernatants of cultures supplemented with Vit B complex. 
Supernatants of cultures supplemented with CoCl2 (Figure 8.13) did not contain the highest amount of 
OxA. Instead, supernatant of CuSO4 supplemented culture showed the highest content of OxA (Figure 
8.12).  
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Supplementing CA at 50 and 100 mM raised the production of OxA slightly in the culture (Figure 8.13). 
Instead succinic acid (SUCA) production was greatly suppressed. The pH for all three concentrations 
remained above 7 and the insecticidal activities were above 50% at 24 h (Figure 8.9). Despite the 
highest insecticidal activity observed in supernatant from culture supplemented with 200 mM CA, the 
supernatant contained the lowest amount of OxA.  
Overall, K4B3 culture supplemented with CuSO4 resulted in the highest production of OxA with an 
estimated concentration of 190 mM (Figure 8.15). All other supernatants, except supernatant of K4B3 
culture supplemented with CoCl2, contained less than 50 mM of oxalic acid. 
 
Figure 8.11. Major organic acids observed at 254 nm in supernatants of cultures supplemented with 
Vit B complex, B2, B3, B6 and B12 and without Vit B. OxA: Oxalic acid, SUCA: Succinic acid, DPA: 
Dipicolinic acid, MA: Malic acid, CA: Citric acid. Values are mean ± standard deviations.  
 
Figure 8.12. Major organic acids observed at 254 nm in supernatants of cultures supplemented with 
different minerals. OxA: Oxalic acid, SUCA: Succinic acid, DPA: Dipicolinic acid, MA: Malic acid, CA: 
Citric acid. Values are mean ± standard deviations.  
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 Figure 8.13. Major organic acids observed at 254 nm of supernatants of cultures supplemented with 
CA at 0, 50, 100 and 200 mM OxA: Oxalic acid, SUCA: Succinic acid, DPA: Dipicolinic acid, MA: Malic 
acid, CA: Citric acid. Values are mean ± standard deviations.  
 
 
Figure 8.14. Calibration curve for detection of oxalic acid using HPLC based on different concentrations 
of oxalic acid standard.  
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Figure 8.15. Estimated concentration of OxA in supernatants of K4B3 cultures grown with different 
supplements.   
8.7 Discussion 
In glucose-based medium, OxA and DPA were the major acids produced by K4B3. The fungus excreted 
substantial amounts of these acids and other minor acids namely CA, lactic acid, propionic acid, maleic 
acid, tartaric acid, gluconic acid, fumaric acid, adipic acid, sorbic acid, malonic acid and malic acid. 
When starch-based medium was used to cultivate K4B3, OxA was produced along with succinic acid. 
OxA and CA produced by B. bassiana have been shown to contribute to insect pathogenicity by 
solubilising cuticular proteins of the migratory grasshopper Melanoplus sanguinipes (Bidochka and 
Khachatourians, 1991). When compared to other acids, both CA and OxA showed the highest amount 
of elastin-orcein solubilisation on the cuticle. The release of soluble proteins by the action of OxA alone 
was highest at 0.01 M concentration (Bidochka and Khachatourians, 1991). The insecticidal role of OxA 
was confirmed in the present study as spraying OxA with concentrations above 50 to 100 mM in both 
acidic and alkaline condition, which resulted in approximately 70-80% aphids killed by 48 h. Previous 
studies have revealed that supernatant of B. bassiana containing 30-35 mM oxalic acid was sufficient 
to kill Amblyomma americanum ticks (Kirkland et al., 2004; 2005). At higher concentrations and with 
prolonged exposure to organic acids, the cuticle protein layer will be thinned, allowing enzymes and 
toxic metabolites to permeate and hyphal to penetrate with ease (Bidochka and Khachatourians, 
1991). They could also desiccate the insects. In the study of Kim et al. (2010a) protease and chitinase 
were probably killing aphids after the cuticle proteins were solubilised by organic acids produced by 
their strain of B. bassiana. 
When the medium pH is close to or above neutral, OxA will be produced in some fungi (Kubicek et al., 
1988 in Bidochka and Khachatourians, 1991). OxA production was triggered at a pH above 4 (Magnuson 
and Lasure, 2004). This was confirmed in the present study as OxA was not produced in K4B3 culture 
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with start pH 3. The supernatant from cultures started at pH 3 were also demonstrating the poorest 
insecticidal activity. Cultures with start pH above 5 produced consistently insecticidal supernatants.  
All cultures supplemented with vitamin Bs and minerals showed a final pH 4 except the cobalt 
supplemented culture. CA supplemented cultures showed final pH aprroaching 7. OxA was reported 
insecticidal at pH below 4.0 with insect mortality decreasing as the pH of the oxalate solution was 
raised (Kirkland et al., 2005). This was, however, not observed in cobalt and CA supplemented cultures. 
They were all above pH 4.0 with insecticidal activity above 50% at 24 h.  
CA could have been assimilated as a carbon source by the fungi in the tricarboxylic cycle (Carlile et al., 
2001). Supplementation of CA at concentration at 200 mM might have stimulated the production of 
OxA but the insecticidal efficacy was negatively correlated to the amount of OxA produced. Despite 
the low concentration of OxA produced in K4B3 cultures supplemented with CA, the insecticidal 
activity was actually enhanced.  
K4B3 produced low amount of DPA compared to OxA in both glucose and starch-based media. The 
amount was increased when K4B3 culture was supplemented with Vit B complex. Like Paecilomyces 
fumosoroseus (Asaff et al., 2005), K4B3 produced DPA after 24 h. DPA was insecticidal to blowfly 
Calliphora erythrocephala (Claydon and Grove, 1982), nymphs of whitefly Bemisia (Asaff et al., 2005) 
and silkworm pupa at 0.5 mM (Watanabe et al., 2006). There could be a synergistic insecticidal effect 
of OxA and DPA working together. Succinic acid (SUCA) however has no reported insecticidal activity. 
It was produced at lower amounts in CA supplemented cultures. 
Despite containing the highest amount of OxA, the supernatant derived from culture supplemented 
with CuSO4 was only killing 50% of the aphid population at 24 h. Supernatants with moderate amounts 
of OxA in all CA supplemented cultures killed over 50% of the aphids at 24 h. In previous research, in 
bioassays against grasshoppers, a strain of B. bassiana caused a delayed mortality in the treated 
grasshoppers even though it was hyperproducing OxA, more than another strain (Bidochka and 
Khachatourians, 1993). In the current study, a clear cause–effect association between oxalic acid 
hyperproduction and insecticidal effect was also not evident.  
The production of OxA is widespread in fungi capable of growing in the presence of high concentration 
of metals such as cadmium, lead, zinc, magnesium, cobalt, manganese and copper (Guggiari et al., 
2011). The supplementation of these metals in growth media was reported to enhance the production 
of OxA to facilitate chelation and thus metal absorption (Adams et al., 2007; Fomina et al., 2005). 
Beauveria caledonica was reported to hyperproduce OxA in the presence of CuSO4 (Fomina et al., 
2005). K4B3 was capable of growing in high concentrations of metal minerals as well and was 
producing the highest amount of OxA in the presence of CuSO4. 
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All Vit B (except Vit B2) supplemented cultures produced supernatants which led to moderate 
insecticidal activity.  A solution of Vit B2 and methionine with a decrease of pH 3.8 was reported biocidal 
to various plant pathogenic fungi (Tzeng and DeVay, 1989). No report was available if the mixture was 
insecticidal to aphids but Vit B2 without K4B3 culture in this study demonstrated Vit B2 (BASF) was 
insecticidal. The insecticidal mechanism of Vit B2 would have to be further evaluated. 
Supernatant from K4B3 supplemented with CoCl2 killed insects effectively above 80% within 24 h. Co2+ 
is an essential trace element for coenzyme B12. It was speculated therefore that Vit B12 which contained 
cobalt would also be performing equally good for the production of the insecticidal metabolites. In 
Aspergillus (Cai et al., 2012), the roles of Co2+ and Vit B12 influenced the production of Aspergiolide A 
compound by 59%. K4B3 cultures supplemented with Vit B12 however did not show strong insecticidal 
activity nor enhance the production of organic acid.    
The synergist effect of total organic acids and salts on insecticidal activities needs to be further 
investigated for the function of fungal oxalic acid (Guggiari et al., 2011) and the collective synergistic 
effect of organic acid as insecticides are unknown. In a patented study, 
http://www.google.com/patents/US5690950, organic carboxylic acids, especially C2 to C6 aliphatic 
carboxylic acids and their salts, excluding acetic acid and the salts of acetic acid, were insecticidal. 
Larval insects of the order Diptera were most susceptible to carboxylic acids such as CA, lactic acid, 
propionic acid, maleic acid, tartaric acid, gluconic acid, fumaric acid, adipic acid, sorbic acid, malonic 
acid, malic acid, and their salts. The insecticidal mechanism of the compounds was unknown and may 
be attributed to a) a decrease in the pH of the material adjacent to the larvae, which causes a 
deleterious effect on the larvae, b) an increase in the osmotic potential in the material adjacent to the 
larvae, causing dehydration, or c) the disruption of the CA cycle within the larvae.  
In the preliminary study on anti-microbial of OxA and DPA, OxA was inhibiting bacteria and yeast at 
100,000 ppm (7.9 mM). The anti-microbial activity from freeze dried cell-free supernatant of K4B3 in 
Table 3.1 could be attributed to the organic acids produced by K4B3.  Acetic acid, butyric acid, gluconic 
acid, lactic acid, malic acid and oxalic acid have been proven to inhibit microbe’s growth (Rai et al., 
2011).  DPA only affected one of the tested microbes at a high concentration. 
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8.8 Conclusion 
Oxalic acid (OxA) was present in insecticidal fractions and supernatants with start pH above 5. It is heat 
stable and UV-detectable. It is a polar metabolite. Yet under the influence of Vit B, minerals and CA, 
OxA produced by K4B3 demonstrated no direct correlation with the insecticidal activity of the 
supernatants. K4B3 was stimulated to produce OxA in abundance, above standard liquid cultures, in 
the presence of CuSO4. The high concentration of OxA, however, did not result in higher mortality of 
aphids by 24 h. On the contrary, supernatant of K4B3 culture supplemented with CoCl2 which 
contained lower concentration of OxA was more insecticidal. Supplementation of Vit Bs (individual or 
mixture) also did not enhance the insecticidal activities of the liquid culture nor the production of 
organic acids, except Vit B complex, when supplemented, enhanced the production of DPA. The 
production profile of OxA and DPA did not correlate with the highest day of insecticidal activity. 
Supplementing CA to K4B3 cultures unexpectantly yielded stronger insecticidal activity in the 
supernatants, yet the activity was not attributed to OxA or organic acids in general. The OxA and other 
organic acids could be working in synergy reducing the overall fitness of insects; solubilizing the protein 
cuticle of the insects, allowing other toxic metabolites to penetrate and kill the insects. At the same 
time, the collective synergistic effect of organic acids also served as natural anti-microbial components 
to reduce competition. 
 232 
Chapter 9 
General discussion  
The aim of this research project was to identify and characterise the most significant contact 
insecticidal metabolites produced by B. bassiana isolate K4B3 and to optimise the production of the 
insecticidal metabolites. There are many positive outcomes that could come from identifying the 
contact insecticidal metabolites produced by K4B3, include patenting of possible new compounds and 
devising measurable analytical and quality control (QC) methods that could consistently monitor the 
insecticidal metabolites for commercial production anywhere. The optimisation, to reap the maximum 
amount of insecticidal metabolites during commercial production, would reduce the cost and simplify 
manufacturing and QC processes of K4B3. 
The production methods established for K4B3 at Biotelliga was crudely developed based on field 
performance, but after detailed research contained in this thesis, was actually a well devised approach 
targeting at growing the fungus to produce insecticidal metabolites, though the logic behind the 
ingredients and processes was not fully understood. The philosophy of never changing the winning 
horse was applied diligently yet when inconsistency crept in due to any small change in ingredients or 
vagrancies of individual operators, there was no method to measure the quality of a K4B3 product. 
There was an obvious need for an in-depth study of K4B3, its insecticidal material and ways to optimise 
their production consistently.  
Previous in-house studies provided very little information on the nature of the insecticidal metabolites 
other than they were not toxic to humans. This thesis has compiled a considerable amount of 
chemistry and biological information of K4B3 as well as the required conditions to grow and stimulate 
the fungus for the production of insecticidal metabolites. Suitable bioassay systems were established 
and bioactivity of contact insecticidal metabolites of K4B3 against a range of invertebrates and 
microbes were evaluated (Chapter 3). Guided by the bioassays established, mycelial extract and 
supernatant of K4B3 liquid cultures were fractionated and the metabolites which killed insects via 
contact were pursued (Chapter 4, 5 and 6). The ingredients and conditions required for the production 
of insecticidal metabolites were also examined and identified along with a strategy to enhance the 
production of the insecticidal supernatant via passaging though different insects (Chapter 6). Lastly, 
the insecticidal roles of specific enzymatic metabolites and organic acid produced by K4B3 were also 
assessed (Chapter 7 and 8).  
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9.1 Summary of findings 
The key objectives and main findings for each experimental chapter are as follows: 
9.1.1  Establishing baseline bioactivity of K4B3 products (Chapter 3) 
• Aphids, mosquito larvae and brine shrimps were the most susceptible to both mycelial extract 
and supernatant of K4B3 via contact within 24 h. Cadavers of aphids appeared ‘pressed’ and 
their stylets were still embedded inside the leaf. Mosquito larvae were discoloured and had 
gut lumen excreted. Brine shrimps were highly sensitive towards supernatant of K4B3 of the 
first four days compared to mycelial extract. They died within an hour of exposure to the 
supernatant, suggesting the presence of an insecticidal substance(s) with equivalent strength 
to pyrethrum in the supernatant. 
• Thrips and all stages of DBM (eggs, caterpillars, and pupae) were unaffected via contact nor 
feeding when treated with cell-free supernatant. Both thrips and DBM caterpillars were 
however killed by mycelial extracts.  
• DBM caterpillars treated with unfiltered supernatant stopped feeding and died within 48 h. 
The cadavers had slight reddish appearance. 
• Freeze dried supernatant material of K4B3 added into artificial diet of Spodoptera litura 
armyworm at 10% (w/w) killed the insects. They remained in the same instar stage and size 
and turned black and died within 48 h. 
• All unprocessed daily supernatants of K4B3 showed no inhibition against all the microbes 
tested. Only concentrated supernatants at 100 mg ml-1 inhibited the growth of Rhizoctonia 
solani (fungi), Bacillus subtilis (Gram-positive bacteria) and Pseudomonas aeruginosa (Gram-
negative bacteria). The mycelial extract of K4B3 at 50 mg ml-1 (50,000 ppm), however, showed 
strong inhibition against Rhizoctonia solani, Bacillus subtilis and Salmonella typhi.  
9.1.2 Insecticidal mycelial extract of K4B3 (Chapter 4) 
• Beauvericin and bassianolide were present in mycelial extracts and fractions which had contact 
insecticidal activities towards aphids.  
• The insecticidal activity of beauvericin (m/z) 784 and analogues; beauvericin H (m/z) 802.5, 
beauvericin A/F (m/z) 798 and beauvericin B (m/z) 812 were low. The highest aphid mortality 
after treatment with beauvericin (m/z) 784 was at 44%. The analogues demonstrated aphicidal 
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activity around 30%. The compounds were however produced in abundance. The mass ion 
region of beauvericin and analogues was observed to be between (m/z) 784 to (m/z) 830.  
• Bassianolide was the most insecticidal metabolite to aphids in the mycelial extract of K4B3. 
Quantity as low as 7.5 µg was estimated present in 1 mg crude mycelia extract (which was 
sufficient to kill aphids effectively via contact when suspended in 1 ml of water).  
• A variety of beauverolides were present in mycelial extract of K4B3. Beauverolide B (m/z) 544, 
beauverolide E (m/z) 516.3 and beauverolide F (m/z) 564.3 were detected but were not 
insecticidal. 
• Size exclusion techniques are useful to semi purify insecticidal metabolites rapidly.  
• Strong insecticidal activities were also attributed to unidentified metabolites (other than 
bassianolide and beauvericin). Metabolites (m/z) 196, 387, 415, 437 and 453 would require 
further verification. 
9.1.3 Insecticidal supernatant of K4B3 (Chapter 5) 
• In addition to beauvericin and bassianolide, a group of UV-detectable polar insecticidal 
metabolites were discovered and attempts were made to further identify the metabolites. The 
metabolites, however, were unidentifiable using mass spectrometry in the time available. 
9.1.4  Production and optimisation of K4B3 insecticidal metabolites (Chapter 6) 
• Submerged culture grown above 35 °C failed to produce insecticidal supernatant. The 
optimum temperature to grow K4B3 to produce insecticidal supernatant is 27 °C. 
• K4B3 cultured with start pH above 5.5 and up to pH 8 produced the strongest insecticidal 
supernatants on the third day when shaken at 180 rpm. K4B3 cultured with start pH 3 failed 
to produce insecticidal supernatant.  
• Glucose and starch were the best carbon source to produce insecticidal supernatant. Sucrose, 
cellobiose, galactose were not as good substrates as glucose for the production of insecticidal 
supernatant. 
• Yeast extract could substitute bacteriological peptone for the production of insecticidal 
metabolites in K4B3. Methionine inclusion enhanced the insecticidal supernatant five-fold. 
Mycological peptone could enhance the production of insecticidal metabolites and was better 
than bacteriological peptone.  
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• K4B3 does not produce insecticidal supernatant in the presence of insect material as carbon 
and nitrogen source. 
• The ingredients and composition of the medium used at Biotelliga to grow K4B3 were studied 
for functional roles and the experimental results obtained were used to evaluate the closest 
ingredients and composition that would trigger the production of insecticidal metabolites. 
• Supernatant of starch-based culture contained no beauvericin, beauverolides nor 
bassianolide. The insecticidal activity remained in the aqueous layer after organic solvent 
extraction. The suspects were metabolites with mass ion (M+1) (m/z) at 252, 308, 442, 559 
and 810.  
9.1.5 Chitinase, protease Pr1 and protein analysis of K4B3 (Chapter 7) 
• The enzymes chitinases and protease Pr1 were not responsible for the insecticidal activity of 
the supernatant. 
• Proteins detected around 55 kDa and 21 kDa could be insecticidal and the 55 kDa protein N-
terminal sequence corresponded to a gene of unknown function. 
9.1.6  Correlation of organic acids and insecticidal activity of K4B3 (Chapter 8) 
• OA is not responsible for the insecticidal activity of the supernatant.  
• Supplementing CA (at 200mM) and adjusting the start pH back to 8 stimulated the 
production of insecticidal supernatant.  
9.2 Occurrence of contact insecticidal metabolites in Beauveria bassiana 
As discussed throughout this thesis, B. bassiana is not commonly known for its ability to produce 
contact insecticidal metabolites. The common trend of study previously has focused on the fungus 
itself physically attacking a broad range of insects as a deadly disease via its living propagules; conidia, 
submerged conidia and blastospores (Holder et al., 2007; Jaronski, 2013; Jaronski and Jackson, 2012). 
Its virulence and speed to kill via infection were often assessed and compared among different strains 
within the same group and among other entomopathogenic fungi (Anderson et al., 2011; Campos et 
al., 2005; Wraight et al., 2000).  
Insecticidal activity as a result of direct contact with metabolites produced by B. bassiana was almost 
unprecedented but had been previously studied (Asaff et al., 2005; Kim et al., 2010a; Kirkland et al., 
2004). Kirkland et al. (2004) found oxalic acid (OA) in supernatant of B. bassiana killed ticks effectively 
when in contact. The acid was also used for honey bee mite control (Bacandritsos et al., 2007; Gregorc 
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and Poklukar, 2003). DPA, another organic acid group was toxic to the whitefly nymphs in bioassays 
involving topical applications (Asaff et al., 2005). Both OA and DPA were detected in supernatant of 
K4B3 (Chapter 8) but did not correlate with insectidial activity. Supernatant containing chitinase of a 
Korean B. bassiana were shown to kill aphids upon a brief ten second contact (Kim et al., 2010a). The 
possibility of hydrolytic enzymes of K4B3 being contact insecticides was intriguing but experiments 
from current study suggested they were not. Firstly, boiled broth of K4B3 still showed bioactivity 
(Chapter 5).  Secondly, after solvent extraction and fractionation, the insecticidal activity of the 
metabolites was still unaffected (Chapter 5 and 6). Thirdly, the supernatants used in the bioassays 
were not pH adjusted and they were still insecticidal. The insecticidal supernatant reported in Kim et 
al. (2010a) was always maintained in alkaline condition whereas pH of K4B3 supernatant was reduced 
to around pH 3.8 to 4 (Chapter 6 and 7).  Further literature reported cell-free supernatant of a B. 
bassiana killed all melon aphids efficiently (Gurulingappa et al., 2010) and, like K4B3, the mycelial 
extract was highly insecticidal. The active agent(s), however, were not identified. In another recent 
observation (Kim et al., 2013), cell-free supernatants derived from 47 strains of entomopathogenic 
fungi (of which 20 strains were B. bassiana), only supernatant from one B. bassiana culture showed 
high insecticidal efficacy via contact. The identity of the active was also not identified but the possibility 
of the activity coming from chitinase was discounted.  
Incidents of insecticidal supernatant via contact produced by certain isolates of B. bassiana probably 
had been observed by many other field researchers earlier as well. In an assessment on the microbial 
control potential of B. bassiana and Paecilomyces fumosoroseus against Bemisia argentifolii, mycosis 
due to B. bassiana had never exceeded 1% on adult moths (Wraight et al., 2000). Instead, over 90% 
mortality of whitefly nymphs were caused by direct contact of the fungal treatments. The nymphs 
killed in the treatments dried rapidly and remained attached to the leaf. Nymphs infected by B. 
bassiana were reported to change colour to distinctly red to red-brown. The contact insecticidal 
potential of some isolates of B. bassiana could have been observed but was not investigated and, like 
observation made by Kim et al. (2013), not all isolates of B. bassiana could produce insecticidal 
supernatant in submerged cultures. K4B3, an isolate of B. bassiana found from New Zealand produces 
insecticidal supernatant that kill aphids and other soft bodied insects upon contact within 24 h 
(Chapter 3).  
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9.3 Contact insecticidal metabolites of K4B3 and biosynthesis 
Separating the mycelia and supernatant for metabolite extraction was a justified move and was a 
common approach in many natural product studies (Colegate and Molyneux, 2007). It helped to 
understand the origin and depository site of respective insecticidal metabolites, their specific roles and 
function. K4B3 produces a high concentration of assorted beauvericin and bassianolide in the mycelia 
(Chapter 4) and they were not exported into the supernatant (Chapter 5). This could be attributed to 
the immediate need for them mostly for the protection of the mycelial body from predators such as 
mites Neoseiulus (Amblyseius) barkeri (Wu et al., 2014), amoeba (Bidochka et al., 2010) and 
phagocytes in haemolymph of host insects (Vilcinskas et al., 1997) or facilitate the movement of ions 
across lipophilic membranes by acting as ionospores.  Plasmatocytes isolated from G. mellonella do 
not ingest blastospores from B. bassiana preincubated with fungal toxins (Vilcinskas et al., 1997). 
Although blastospores were not tested for the presence of beauvericin and bassianolide in this study, 
they could be functioning like they did for mycelia, protecting and destroying plasmatocytes.  
Blastospores ingested by the plasmatocytes remained viable; they grew from within and re-emerged 
to continue infecting the host (Vilcinskas et al., 1997). 
Beauvericins and bassianolide were known insecticidal metabolite produced by B. bassiana and were 
well studied for their important role in insect virulence and disease outbreak (Champlin and Grula, 
1979; Supothina et al., 2011; Xu et al., 2009a). They were, however, not reported to possess contact 
insecticidal activities nor applied as contact insecticides. They are known insecticidal metabolites via 
injection into insects (Roberts, 1992; Schrank and Vainstein, 2010; Sussmuth et al., 2011; Vey et al., 
2001; Xu et al., 2008). Research reported in this thesis showed that both are likely to act as contact 
insecticides (Chapter 4) although this was correlated only through presence in almost pure fractions. 
Deletion of the gene regions encoding both (e.g. Xu et al., 2009) and then extraction from mycelia of 
the same fragments is required to prove the link.   
Both beauvericin and bassianolide were nonpolar metabolites but possessed the ability to penetrate 
membranes (Kanaoka et al., 1978; Ovchinnikov et al., 1971) which could explain their insecticidal 
activities via contact. The aphids were paralyzed and died with their mouthparts still attached in the 
leaves (Chapter 3) suggesting instant neuron transmitting disruption. The insects were also sensitive 
and were able to detect minute quantity of beauvericins (Chapter 5) and hence not feed though the 
study was not specifically targeting the minimum amount of detection by the insects. The crude 
mycelial extracts probably contained beauvericin which would have deteriorating effects on the 
shrimps as mortality of brine shrimps was reported to correlate significantly with beauvericin content 
(Moretti, 2007). Like brine shrimps, the mosquito larvae Culex could be affected in the presence of 
beauvericin from the mycelial extract as the beauvericin was reported to be more active against 
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mosquito larvae (Grove and Pople, 1980). Among the insects tested, aphids, mosquito larvae and brine 
shrimps were the most susceptible towards both the mycelial extract and supernatant of K4B3 via 
contact within 24 h. The mycelial extract of K4B3 was capable of killing DBM caterpillars via contact 
within 24 h, most likely due to the presence of beauvericin and bassianolide.  
Only these two major metabolites were uncovered as major insecticidal metabolites from the mycelial 
extract of K4B3 (Chapter 4). There were an assortment of redundant beauvericins in K4B3 and 
individually they were not very insecticidal (Figure 4.25 and Table 4.2) although bassianolide was highly 
insecticidal. The lesser biocidal activity of beauvericins was probably, therefore, compensated through 
their quantity (Figure 4.25 and 4.30). For want of better words, they were probably produced in 
abundance to work in synergy among the analogues and along with other metabolites produced to 
demonstrate stronger insecticidal and antibiotic activity. There were other components found showing 
lesser insecticidal activities (20 to 40% mortality) in this investigation but they were not pursued due 
to time restriction. The synergistic effect of all the metabolites together for insecticidal assays was 
however not carried out to confirm, but is worthy of subsequent investigation. Given B. bassiana is 
capable of infecting a broad range of hosts, the mycelia would need to produce a diversity of 
metabolites or a group of metabolites that would play many roles to support its virulence and success 
as the dominant pathogen (Strasser et al., 2000a). Through screenings of over 20,000 microbial 
extracts, beauvericin synergized ketoconazole activity dramatically against diverse fungal pathogens 
(Zhang et al., 2007), an effect ketoconazole nor beauvericin alone could not achieved even with high 
dosage(Wang and Xu, 2012; Zhang et al., 2007). There could be synergistic effect between the 
metabolites; beauvericin, bassianaolide and others in achieving the insecticidal activity. 
Bacillus subtilis was inhibited using mycelial extract (Chapter 3) which contained different kinds of 
beauvericins (Chapter 4). Beauvericins have been reported as having mild antibacterial and antifungal 
activity (Xu et al., 2007).  Beauvericin did not block the peptidoglycan biosynthesis of Gram-positive 
bacteria unlike other antibiotics (e.g. penicillin); instead was believed to target cell organelles or 
enzyme systems (Wang and Xu, 2012). Bacillus subtilis inhibition was attributed to beauvericin (Wang 
and Xu, 2012) for bassianolide showed no toxicity against B. subtilis (Jirakkakul et al., 2008). Of the 
Gram-negative bacteria tested in Chapter 3, Salmonella typhi were also inhibited by beauvericin (Wang 
and Xu, 2012). The antifungal activity of beauvericin is rarely reported (Wang and Xu, 2012) but was 
reported as having a moderate antifungal and antibiotic effect (Xu et al., 2008). The strong inhibition 
of Rhizoctonia solani using mycelial extract of K4B3 (Chapter 3) therefore warrants further 
investigation if the many variety of beauvericin are responsible for the inhibition.  
Oosporein exhibited a strong inhibitory activity against Phytophthora infestans but not Fusarium 
oxysporum and Alternaria solani (Nagaoka et al., 2004). Interestingly, supernatant of K4B3 did not 
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exhibit any antimicrobial activity when tested against a range of plant and human pathogens in this 
study (Chapter 3). A B. bassiana cell-free, heat and enzyme treated supernatant was found active 
against E. coli (Tae-Young et al., 2013). This was not observed in this study via disc diffusion assay, 
which was not as sensitive as the microtiter plate assay (MTP) approach used by Tae-Young et al. 
(2013). However, when freeze dried supernatant material was used, microbial inhibition was observed. 
The activity probably stemmed from the presence of the different organic acids, especially oxalic acid 
(Table 8.2) at a higher concentration and probably would be the same metabolite observed by Tae-
Young et al. (2013).   
Supernatant of three-day-old K4B3 cultures killed aphids effectively (Chapter 3) yet only contained 
traces amount of beauvericin and bassianolide (Figure 5.3). This explained why the filtrate of B. 
bassiana was discarded and the mycelium saved for studies on beauvericin and bassianolide in 
previous studies (Xu et al., 2007). The supernatant contained, instead, a relatively high amount of 
different beauverolides, of which two most abundant were identified as beauverolide I or III (m/z 487) 
and beauverolide N (m/z 504.3) (Figure 5.4). As no purified insecticidal fraction was found with 
fragmentation patterns as reported for beauverolides with immonium ions described at m/z 139 or 
m/z 167, beauverolides produced by K4B3 were concluded not responsible for the contact insecticidal 
activity observed of the supernatant. This is in agreement that they were more for insect 
immunomodulation instead of insecticidal activity (Jegorov et al., 2004; Kuzma et al., 2001). Another 
group of polar metabolites were detected from the supernatant which exhibited strong insecticidal 
activity and were heat resistant. The insecticidal metabolites which ‘desiccated’ aphids (Figure 5.18) 
could be flushed out via normal phase silica gel column as they didn’t elute with non-polar solvents. 
Ethanol was able to elute the desiccating metabolites and they could dissolve in methanol and water 
for bioassays suggesting them to be polar metabolites.  
Further investigation however didn’t reveal the identity of the polar insecticidal metabolites via mass 
spectrometry. Only glucose was detected in the active HPLC fraction at 3rd min. This showed a 
weakness of the aphid bioassay where methanol was used. Though methanol alone as control did not 
kill aphids, high concentration of glucose in methanol solution killed aphids. The approach was then 
switched to use another carbon source instead of glucose. Starch was found to perform equally well 
as glucose in terms of insecticidal metabolite production of K4B3 when used as an alternative carbon 
source. The supernatant caused high mortality at several earlier HPLC retention times; 3rd, 7th, and 17th 
min and no beauvericin nor bassianolide was produced. The insecticidal metabolite(s) from glucose-
based supernatant and starch-based supernatant could be different metabolite(s). The active from the 
3rd min could not be analysed properly still but the active fraction from the 17th min of starch-based 
supernatant remained in the water and gave a mixture of metabolites with mass ion at m/z 810, 559, 
308, and 252 (Figure 6.28). M/z 810 could be an isomeric metabolite. The non-detectable quantity of 
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oosporein, beauvericin and bassianolide in the whole broth extracts analysis via HPLC and LC-MS was 
confirmed (at Biotelliga-Cawthron, 2014, unpublished data) and was due to the removal of peptone 
from the starch-based medium. Peptone in the presence of glucose had a significant influence on the 
production of beauvericin (Xu et al., 2010) 
Table 9.1. A compilation of metabolites identified from K4B3 in this study with mass data and 
identification adapted from (Bekker et al., 2013; Luo et al., 2015). 
Detected 
mass Metabolite 
Ionization 
mode 
Molecular 
formula 
69.05869 1-Pyrroline ESI(+) C4H7N 
73.01651 Iminoglycine ESI(−) C2H3NO2 
74.00029 Glyoxylic acid ESI(−) C2H2O3 
82.05343 Methylimidazole ESI(+) C4H6N2 
83.07417 2-Methyl-1-Pyrroline ESI(+) C5H9N 
86.03734 Butenoic acid ESI(−) C4H6O2 
88.98785 Oxalic acid ESI (-) C2H2O4 
89.04770 Alanine ESI(−) C3H7NO2 
90.03153 Dihydroxyacetone ESI(−) C3H6O3 
102.03173 Acetoacetic acid ESI(−) C4H6O3 
103.00300 Malonic acid ESI (-) C3H4O4 
103.06323 GABA ESI(−) C4H9NO2 
105.04198 Serine ESI(−) C3H7NO3 
109.01949 2-Aminoethanesulfinic acid ESI(−) C2H7NO2S 
115.06311 Proline ESI(+) C5H9NO2 
115.07632 Lactic acid ESI(-) C3H6O3 
116.01059 Maleic acid ESI(−) C4H4O4 
117.07897 Valine ESI(+) C5H11NO2 
117.01916 Succinic acid ESI(−) C4H6O4 
121.02936 Benzoic acid ESI(+) C7H6O2 
129.09000 Heptanoic acid ESI(−) C7H14O2 
131.05769 N-Acetyl-alanine ESI(−) C5H9NO3 
132.08828 Ornithine ESI(−) C5H12N2O2 
135.05536 Adenine ESI(+) C5H5N5 
143.10762 Octanoic acid ESI(−) C8H16O2 
145.05000 Alkylated C6-dicarboxylic acid ESI(−)  
146.01998 2-Oxopentanedioic acid ESI(−) C5H6O5 
146.07193 Glutamine ESI(−) C5H10N2O3 
147.05259 Glutamic acid ESI(−) C5H9NO4 
155.06900 Histidine ESI(−) C6H9N3O2 
157.12329 Nonanoic acid ESI(−) C9H18O2 
161.10498 Carnitine ESI(+) C7H15NO3 
164.06835 Rhamnose ESI(−) C6H12O5 
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Detected 
mass Metabolite 
Ionization 
mode 
Molecular 
formula 
165.01885 Phthalic acid ESI(−) C6H4(COOH)2 
165.07858 Phenylalanine ESI(−) C9H11NO2 
167.1189 Dipicolinic acid ESI(−) C7H5NO4 
174.11120 Arginine ESI(−) C6H14N4O2 
182.07810 Mannitol ESI(−) C6H14O6 
183.05800 Choline sulfate ESI(+) C5H13NO4S 
187.06359 Indoleacrylic acid ESI(+) C11H9NO2 
202.14321 N,N-Dimethylarginine ESI(+) C8H18N4O2 
203.11588 Acetylcarnitine ESI(+) C9H17NO4 
212.06801 Trimethoxybenzoic acid ESI(+) C10H12O5 
235.14205 Ulvaline ESI(+) C10H21NO5 
238.14245 Mannitol; 2,3,4,5-Tetra-Me ESI(+) C10H22O6 
245.16295 2-Methylbutyroylcarnitine ESI(+) C12H23NO4 
255.25653 2-Amino-9-hexadecen-3-ol ESI(+) C16H33NO 
256.24018 Palmitic acid ESI(−) C16H32O2 
257.10321 Glycerophosphocholine ESI(+) C8H20NO6P 
260.13725 Glu-Leu ESI(−) C11H20N2O5 
261.31626 Bassiatin ESI(+)  
278.22440 Linolenic acid ESI(+),ESI(−) C18H30O2 
279.14614 Isoleucine; N-Me, N-benzyloxycarbonyl ESI(−) C15H21NO4 
281.24900 Oleic acid ESI(−) C18H34O2 
293.16208 Magnesidin ESI(−) C16H23NO4 
296.23417 Hydroxy-linoleic acid ESI(−) C18H32O3 
297.09078 5-Deoxy-5-(methylthio)adenosine ESI(+) C11H15N5O3S 
298.24943 Hydroxy-oleic acid ESI(−) C18H34O3 
300.26548 Hydroxy-stearic acid ESI(−) C18H36O3 
306.22440 Oosporein ESI(−) C14H10O8 
317.29360 Phytosphingosine ESI(+) C18H39NO3 
320.30858 3,6,9-Docosatriene; 9S,10R-Epoxide ESI(+) C22H40O 
340.23942 Sargachromanol B; 9′-Deoxy, 3,4-didehydro, 6-Me ether ESI(−) C23H32O2 
342.11669 Trehalose ESI(−) C12H22O11 
361.31974 2-Amino-1,3,4,5-eicosanetetrol ESI(+) C20H43NO4 
369.41102 Tenellin ESI(+) C21H23NO5 
383.10851 Succinoadenosine ESI(+) C14H17N5O8 
424.33398 Citreoanthrasteroid ESI(−) C29H44O2 
453.28614 PE(16:0/0:0) ESI(+),ESI(−) C21H44NO7P 
462.2944 Beauverolide M + Na ESI(+)  
475.27038 PE(18:3/0:0) ESI(+),ESI(−) C23H42NO7P 
481.31723 PE(18:0/0:0) ESI(−) C23H48NO7P 
487.63154 Beauverolides I ESI(+) C27H41N3O5 
490.3257 Beauverolide P + Na ESI(+)  
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Detected 
mass Metabolite 
Ionization 
mode 
Molecular 
formula 
495.33245 PC(16:0/0:0) ESI(+) C24H50NO7P 
497.27481 PS(16:0/0:0) ESI(−) C22H44NO9P 
504.3 Beauverolide N ESI(+)  
509.38333 PC(O-18:0/0:0) ESI(+) C26H56NO6P 
510.29000 Beauverolide I + Na ESI(+)  
511.49678 N-(tetradecanoyl)-sphinganine ESI(+) C32H65NO3 
515.33569/5
16.3 Beauverolide La/E ESI(+),ESI(−) C29H45N3O5 
517.31715 PC(18:3/0:0) ESI(+) C26H48NO7P 
523.39909 PC(O-18:0/O-1:0) ESI(+) C27H58NO6P 
526.2893 Beauverolide N + Na ESI(+)  
529.35031 Beauverolide A ESI(+),ESI(−) C30H47N3O5 
538.3257 Beauverolide E + Na ESI(+)  
538.3255 Beauverolide L + Na ESI(+)  
539.52814 N-(hexadecanoyl)-sphinganine ESI(+) C34H69NO3 
543.36755 Beauverolide B ESI(+),ESI(−) C31H49N3O5 
549.30490 Beauverolide Q + Na ESI(+)  
557.38322 Unknown 1 ESI(+),ESI(−) C32H51N3O5 
560.32182 Unknown 2 ESI(+),ESI(−) C29H44N4O7 
564.30000 Beauverolide F ESI (+) C33H45N305 
566.35700 Beauverolide B + Na ESI(+)  
572.29530 PI(16:0/0:0) ESI(−) C25H49O12P 
577.33600 Beauverolide R + Na ESI(+)  
586.32000 Beauverolide F + Na ESI(+)  
607.36153 Unknown 3 ESI(−) C35H49N3O6 
614.35700 Beauverolide C + Na ESI(+)  
625.33000 Beauverolide J + Na ESI(+)  
630.37690 Beauverolide Ka ESI(+),ESI(−) C37H50N4O5 
715.51443 PE(18:1/16:1) ESI(−) C39H74NO8P 
735.91000 Beauvericin E ESI(+)  
741.37000 Beauvericin G3 ESI(+)  
755.38300 Beauvericin G2 ESI(+)  
755.54728 PC(16:1/18:2) ESI(+) C42H78NO8P 
769.4033 Beauvericin G1 ESI(+)  
769.90000 Beauvericin D ESI(+)  
779.54576 PC(18:2/18:3) ESI(+) C44H78NO8P 
783.94878 Beauvericin Sigma-Aldrich ESI(+) C45H57N3O9 
783.96000 Beauvericin E ESI(+) C45H57N3O9 
785.42229 Antibiotic HA-2-91 ESI(+) C40H59N5O11 
797.99000 Beauvericin A/F ESI(+) C46H59N3O9 
801.41000 Beauvericin H1 ESI(+)  
811.43992 Beauvericin B ESI(+) C47H61N3O9 
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Detected 
mass Metabolite 
Ionization 
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819.40000 Beauvericin H2 ESI(+)  
820.40000 Beauvericin A/F + Na ESI(+)  
884.49381 Unknown 4 ESI(+) C50H68N4O10 
908.60000 Bassianolide ES(+) C48H84N4O12 
 
Growing and stimulating K4B3 to produce insecticidal metabolite via contact are two different tasks, 
as shown in this research project. K4B3 has been demonstrated to grow in liquid culture up to 35 °C, 
in pH ranging from 3 to 9.5, in all different carbon and nitrogen sources but not all conditions would 
produce insecticidal metabolites. Part of the energy when exposed to high temperature for instance, 
apart from rapid shutdown of normal protein synthesis (Watson, 1990), would have been used to 
produce metabolites to protect itself from the adverse environment through pigmentation (example 
anthraquinones)(Isaac, 1994; Velíšek and Cejpek, 2011) and heat-shock proteins (Xavier and 
Khachatourians, 1996). K4B3 produces insecticidal supernatant optimally at 27 °C. Start pH below 3 
impedes the growth and production of insecticidal metabolites of K4B3. Start pH above 5.5 allowed 
the production of the insecticidal metabolites. However, the glucose should be autoclaved separately 
for it will caramelize at higher pH in the presence of peptone creating a Maillard effect and thus reduce 
the carbon concentration. K4B3 biosynthesis medium has high content of glucose, amino acids and 
osmotic pressure. Yet the pH of many haemolymph of insects is around 7.2 or slight alkaline. The 
production of the insecticidal metabolites somehow coincides with the growth condition of the fungus 
yet is strongly influenced by the start pH or the presence of CA. At start pH 5.5, the blastospore count 
was high but the insecticidal activity was low. At start pH 7.2, the blastospore count was low but the 
insecticidal activity was high. All K4B3 cultures with start pH 7.2 appeared to be red in colour (most 
likely due to oosporein production) whereas K4B3 cultures with start pH 5.5 were slightly creamy. 
There appeared to be a correlation between the quantity of blastospores, effect of start pH and colour 
of the culture. It could be possible that the insecticidal metabolite was produced at its optimum pH 
condition at 7.2 and were released when blastospores germinated at the same time to form mycelia, 
hence the lower abundance of blastospores detected in the insecticidal supernatant. During 
germination, oosporein was also released together with the insecticidal metabolites and hence a 
colour change was observed as oosporein was not responsible for the insecticidal activity. Throughout 
the metabolite analysis, no red metabolites or fractions demonstrated insecticidal activity via contact. 
Supernatant of K4B3 was often red in colour indicating the possibility of oosporein production. The red 
metabolite which was believed to be oosporein showed no contact insecticidal activity (Chapter 4). 
Oosporein was not observed to be repellent, nor toxic to feeding bioassays on insects previously 
(Abendstein et al., 2003; Daniela et al., 2000) but it could act as a strong organic acid, slightly soluble 
in acidic aqueous solutions. Its solubility rises with increasing pH and temperature. Its low lipophilicity 
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disabled it to pass any type of biological membrane by the mechanism of passive diffusion and the rate 
of absorption at the absorption site would have to be very acidic. Furthermore, it degrades quickly 
under moderate alkaline conditions and increasing temperature. Under moderate acidic conditions 
the substance is more stable (Seger et al., 2005). Oosporein might be secreted together with the 
insecticidal metabolite responsible for the insecticidal activity (Chapter 6). Therefore, the use of colour 
to monitor Biotelliga production of insecticidal activity had some basis.   
Yeast extract alone could provide the needed nutrients for the production of insecticidal metabolites 
but in the presence of glucose, the production of the insecticidal activities was enhanced. Glucose 
could have influenced the biomass production and indirectly contributed to the production of the 
insecticidal metabolites. YE contained a variety of amino acids. The essential few amino acids could 
have triggered the production of the metabolites. This could mean when higher amount of peptone 
was used, be it bacteriological, mycological peptone, or tryptone, the presence of the few essential 
amino acids meeting the threshold would trigger the production of hydrophilic metabolites (if not all 
the insecticidal metabolites) as would other sources of peptone and amino acids having high 
concentration of the few essential amino acids (Bridson, 1998; Campbell et al., 1983). Glucose and 
peptone were found the most favaourable combination for beauvericin production in Fusarium 
redolens (Xu et al., 2010).  
The presence of chitin and insect material (cicada and mealworm) resulted in high production of 
chitinase and protease but not insecticidal activity. This is in agreement with another observation of 
another B. bassiana strain in Korea with insecticidal supernatant like K4B3 (Kim et al., 2013) that high 
production of chitinase in chitin supplemented culture did not correlate with the insecticidal activity. 
In addition, fungus would require more energy to digest the insect hydrocarbon and lipid content 
(Huarte-Bonnet et al., 2014) and had not channelled the energy to produce the insecticidal 
metabolites. 
YE showed it could support the production of insecticidal metabolites. High content of Vit B in YE 
prompted an investigation to evaluate the influence of different vitamin B on enhancing the 
production of insecticidal supernatant in K4B3. It was found the enhancement effect was marginal 
(Figure 8.9). Supplementing different minerals showed no direct correlation between OxA production 
and insecticidal activity of the supernatants. CuSO4 supplemented culture produced the highest 
amount of OxA but it did not kill all the aphids after 24 h. The supplementation of CA above 50 mM 
and bringing up the start pH to 8 ensured constant insecticidal metabolite production in K4B3. OxA 
production was stimulated with the supplement of CA but the insecticidal activity was not due to OxA. 
The supplement of CA had somehow stimulated the production of bassianolide, which was previously 
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not detected in the starch-based media, and reduced the quantity of oosporein (Biotelliga, 2015, data 
not shown).    
In all my studies, the pH of K4B3 dropped drastically after 24 h in glucose-based medium and gradually 
in starch-based medium. Many other reports showed the culture pH remained unchanged for B. 
bassiana (Kim et al., 2010a). Media amended with CA and adjusted back to pH 8 showed no drastic pH 
changes. The insecticidal activities were high in all supernatants of 50 mM, 100 mM and 200 mM CA 
supplemented cultures in the bioassays compared to supernatant of no CA supplemented cultures. It 
is unclear if other researchers would have used CA to maintain alkaline conditions for the production 
of insecticidal supernatant. Logically, a shift to an acidic environment within 24 h, via secretion of 
organic acids; oxalic, DPA, succinic and others, renders the environment in haemolymph and other 
regions unsuitable for the survival and growth of bacteria which thrive in alkaline environments (Padan 
et al., 2005) as was found consistently in regions of many insect guts (Brune and Kühl, 1996; Lemke et 
al., 2003). In soil-feeding termites, a pH of 12 is reached in the gut (Brune and Kühl, 1996). K4B3 in this 
study produces beauverolides which are mainly found produced when in contact with muscle tissues 
(Table 4.7). Metarhizium anisopliae was inhibited by the gut bacterial flora of the desert locust, 
Schistocerca gregaria (1988). It could be possible that B. bassiana in general colonised specific body 
parts of insects starting from haemolymph, muscle tissues and gradually colonizing other body parts 
of the insects (the gut and Malpighian tubes) through the production of organic acids and secondary 
metabolites (oosporein). Existing microbial colonies then would not be able to compete in the new 
hostile environment.   
Oxalic acid kills soft bodied insects (e.g. ticks) and was used to control mites in bee hives by bee farmers 
(Aliano and Ellis, 2009; Asaff et al., 2005; Kirkland et al., 2005). DPA was found to kill whiteflies (Asaff 
et al., 2005). Both of these organic acids were detected in K4B3 glucose-based cultures. In starch-based 
supernatant, only OA and SUCA were produced. Patent US5690950 was made on a concoction of 
organic acids to control houseflies in manure. The combination of different organic acids and salts 
could stop the growth and kill housefly larva. Yet observations using supernatant derived from copper 
sulphate included media showed only moderate mortality when K4B3 produced the highest amount 
of oxalic acid in the presence of copper. The lower amount of oxalic acid produced by K4B3 in 
biosynthesis medium (without the influence of mineral) thus could not be responsible for the 
insecticidal activity observed from the supernatant of a three-day-old culture. Oxalic acid was later 
proven not involved in the virulence to insects of B. bassiana (Bidochka and Khachatourians, 1993). 
Enzymes such as chitinase and protease were looked into to determine if these compounds were 
responsible for the activity observed. The production of enzymes protease and chitinase did not 
correspond with the insecticidal activity on specific days. The highest amounts of insecticidal 
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metabolites were produced on the third day in glucose-based medium whereas the enzymes were 
produced gradually and peaked on the seventh day. The supernatants after heat and enzyme inhibitor 
treatment were still insecticidal. K4B3 culture supplemented with mealworm material produced high 
amount of chitinase yet that supernatant did not kill aphids. In fact it was the weakest insecticidal 
supernatant tested. This was also observed in another recent study in Korea (Kim et al., 2013) when a 
B. bassiana culture supplemented with chitin did not kill aphids efficiently through contact in spite of 
the high production of chitinase. Chitinase and protease PR1 produced in the presence of chitin and 
high nutrient environment could have the function of preparing the fungus to sporulate and breakout 
of the insect (Chapter 7). The high presence of chitinase detected on the seventh day of K4B3 
fermentation broth would then be due to the progressing autolysis apart from the fragmentation of 
hyphae and disorganization of pellets to prepare for the release of living contagious spores (Pócsi et 
al., 2009). They could contribute to the death of the host insects inside the haemolymph but could not 
be the responsible polar metabolites that kill aphids via contact in K4B3.  
Even though B. bassiana is a non-host specific pathogen, not all insects could be used to refresh K4B3 
in order to enhance its ability to produce contact insecticidal supernatant. The insecticidal activity 
using supernatant of K4B3 passaged through DBM caterpillars was the same as supernatant of 
unpassaged K4B3. Passaged K4B3 through ants and aphids produced stronger insecticidal supernatant 
against aphids.  Though this was just a preliminary experiment, it provided some insight to the 
selection of insects for refreshing and enhancing the insecticidal metabolite production of K4B3. It was 
also noticed through this experiment that in insecticidal supernatant, the quantity of blastospores was 
lower than in supernatant that was not as insecticidal (section 6.9). The blastospores could have all 
germinated at the same time and released the insecticidal metabolites (Witzany, 2012) thus providing 
a stronger insecticidal supernatant as observed on the third day during fermentation (section 6.5). The 
micro-cycle production of blastospores and germination (Chong-Rodríguez et al., 2013) could explain 
the production of insecticidal supernatant observed on the third, fifth and seventh day of fermentation 
(section 6.5). It could be the same UV-detectable and heat-resistant metabolites being produced apart 
from the possibility of other different metabolites.  
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9.4 A proposal on the production of insecticidal metabolites by K4B3 in an 
insect 
Once the haemolymph is reached, blastospore formation and toxin production begin (Boucias and 
Pendland, 1988). Based on the results obtained from all experimental chapters and evidence pieced 
together from literature reviews, the following perspectives were proposed for a more comprehensive 
understanding of K4B3 and perhaps other Beauveria strains with the ability to produce insecticidal 
supernatant.  
The first few fungal metabolites that would be synthesized by K4B3 in sequence or simultaneously 
would be the ones that could incapacitate the immune systems of the host insects (beauvericin, 
bassianolide and beauverolides) and elimination of competition for nutrient and space from other 
microbes via antimicrobial activity (oosporein and beauvericin) and pH conditioning of the 
haemolymph (organic acids). 
During the process of invasion and dispersal, a different form of blastospores of K4B3, ones lacking the 
outer fungal coating to avoid haemocytes (Leland et al., 2005) would multiply freely building up mass, 
in the nutrient-rich and slightly alkaline environment of the insect haemolymph. During this time, the 
host insect would still be actively feeding and in some insects be up-regulating body temperature and 
some hyphal bodies inside the haemolymph would be engulfed by haemocytes.  
The mycelial extracts contained a high concentration and a variety of beauvericins and bassianolide. 
The production and retention of these peptides mostly in the mycelia with some leakage into the 
supernatant, could be related to the defence mechanism to protect them from the cellular immune 
reactions of the insect host (Vilcinskas et al., 1997). Plasmatocytes isolated from G. mellonella do not 
ingest blastospores from B. bassiana preincubated with fungal toxins. These metabolites have also 
limited solubility in water (Vilcinskas et al., 1997).  The ability of the metabolites to permeate all 
membranes (Kanaoka et al., 1978; Ovchinnikov et al., 1971; Suzuki et al., 1977) probably kept the 
fungal propagules alive and allow them to grow out of the haemocytes of insects engulfing them 
(Vilcinskas et al., 1997).  
When the blastospore numbers reached a certain density and detect signals via quorum sensing, they 
would all germinate into infectious mycelial bodies in unison, secreting enzymes and toxins (Hornby et 
al., 2004; Witzany, 2012) that would destroy the insect immune systems and kill the insect host. The 
toxin that kill insects would be water-soluble as haemolymph is made up of 20-50% water in insects 
with larval stages generally having a relatively larger haemolymph volume than adults (Resh and Cardé, 
2009). The newly germinated infectious forms would attach themselves onto the insect tissue in the 
haemolymph building up and accumulating beauvericin and bassianolide in the mycelial mass. 
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Bassianolide was detected in the mycelial extract as early as the second day. It is possible that it was 
already produced in the blastospores. It could also be that the inoculum used contained a mixture of 
mycelia and blastospores and the bassianolide detected from the second day was due to the presence 
of mycelia. Still, blastospores bound poorly to hydrophobic surfaces, forming small aggregates, but 
bound rapidly to hydrophilic surfaces, and required a longer incubation time to bind to weakly polar 
surfaces than to hydrophilic surfaces (Holder and Keyhani, 2005; Holder et al., 2007).  Submerged 
conidia were the better form for attachment to all surfaces inside the insect. Conidia displayed the 
broadest binding specificity, adhering to hydrophobic, weakly polar and hydrophilic surfaces (Holder 
and Keyhani, 2005). The need for the blastospore to germinate into another infectious morphology 
that would attach to the insect tissue is obvious. There is also the need to counteract the constant 
pressure from other microbes, immune and physiology system of the insect (regulating pH of 
haemolymph back to alkaline condition) (Chapman et al., 2013). In the absence of strong antimicrobial 
compounds, the production of a diverse group of organic acids play the role of creating an unsuitable 
environment for bacteria proliferation (Calvo et al., 2002) and hence would reserve higher amount of 
nutrient resources (trehalose, amino acid, minerals and dissolved oxygen) for the mass production of 
fungal biomass (mycelia).  
When innate defences are overcome, the insect hosts would be killed in a relatively short period of 
time (Pendland et al., 1993). Blastospores of K4B3 probably release the hydrophilic UV-detectable 
metabolites when germinating at the same time thus killing the insect quickly and allowing a speedy 
saprophytic growth in the haemolymph to form mycelial mass and sporulation as observed in DBM 
caterpillars within 48 h.  
Aspergillus nidulans produces mycotoxins at a time that coincides with spore development (Calvo et 
al., 2002). In K4B3, the insecticidal metabolite productions were probably regulated by G-protein 
signalling pathway components similar to other filamentous fungi. Inactivation of a G α-subunit, FadA, 
leads to concomitant sporulation and mycotoxin production. The same G-protein signaling pathway 
oppositely regulates two or more different natural products influenced by pH and in K4B3 the 
insecticidal metabolite production was favoured in alkali environments. The insecticidal metabolites 
of K4B3 were very stable molecules and were not affected by pH extremes for the final pH of 
insecticidal supernatant is usually at 3.8 to 4.0. The production of the insecticidal metabolites reduced 
after K4B3 established itself in the acidic environment could be due to lesser blastospore production 
and germination.  
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9.5 Review of approach and problems encountered 
The steps taken throughout the process of investigation was legitimate for any natural product studies; 
(1) establishing suitable bioassay systems to guide the investigation of the insecticidal metabolites, (2) 
guided by the bioassays, the insecticidal materials were separated via partition into suitable organic 
solvents of different polarity, fractionation based on the polarity (silica gel column, normal phase and 
reversed-phase HPLC column) and size (size exclusion LH20 column) of the metabolite and (3) the most 
active metabolite was purified as a single peak through HPLC and (4) analyzed via MS for identification 
(mass profile) and verification (fragmentation pattern). Unlike testing antibiotics against microbes, the 
amount from fractions collected for insect bioassay normally had to be of a certain threshold. Too low 
an amount to start with would not provide enough to establish insecticidal activity.  
Sections relating to nonpolar contact insecticidal metabolites analysis (Chapter 4) were achieved 
within a relatively short period of time at the start of the project. The toil came when very polar 
insecticidal metabolites were found (Chapter 5). It offered little comfort knowing the metabolites were 
UV-detectable for they were not retained on RPC18 column. Repeated attempts to get a general MS 
profile of the UV-detectable insecticidal metabolites were constantly met with zero mass detection of 
the metabolites in positive mode other than masses of glucose. It was then thought that the presence 
of glucose would have masked the active and prevented identification.  
The project was continued relying on bioassays instead of analytical chemistry approaches to optimize 
the production of the insecticidal materials. Investigation of the insecticidal metabolites was still 
carried out simultaneously in the background whenever possible. The production of the insecticidal 
material of K4B3 was consistent in the beginning of the research project, but towards the end, K4B3 
reduced production under standard conditions. The contact insecticidal activity deteriorated. This 
phenomenon was also observed occasionally at the start of the project using K4B3 broth supplies from 
Biotelliga. Apparently the fungus had attenuation issues.   
When starch-based supernatant was still not showing the same MS results when sent to different 
institutes, it was concluded that the UV-detectable metabolites were not able to ionize properly. A 
different mass analytical approach would have to be used to identify the metabolites. Other suspects 
and possibilities if the activity could be organic acids or enzymes were therefore inspected. Both were 
found not to account for the insecticidal activities in the supernatant.  
The only approach that was not taken was to evaluate as a whole all individually isolated metabolites 
for synergistic effect in killing insects.   
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9.6  Directions of future studies on production 
9.6.1 Aeration  
Most flasks used in this study were non-baffled. Dissolved oxygen plays an essential role in aerobic 
cultivation especially due to its low solubility (Schiefelbein et al., 2013). Baffled flasks were reported 
to add extra turbulence for better aeration due to the extra structure within the vessels. Dissolved 
oxygen concentration and the oxygen mass transfer measured in media contained in non-baffled 
shake-flasks was considerably lower compared to baffled flasks (Schiefelbein et al., 2013). The shaking 
frequency (50, 150 and 250 rpm) had the most significant impact on the oxygen transfer, higher in 
baffled flasks compared to non-baffled flasks (Schiefelbein et al., 2013). Shake speed at 200 to 250 rpm 
resulted in high production of spores (Pham et al., 2009) and probably was related to oxygen dissolved 
in the liquid which was also reported to increase the blastospore of M. anisopliae by 16 fold (Issaly et 
al., 2005). Future studies utilising baffled flasks could enhance the production of insecticidal 
metabolite by increasing the number of blastospores. 
9.6.2 Media preparation and optimisation 
In the first few fermentations of B. bassiana K4B3, media with a start pH above 6 underwent a change 
of colour from prolonged heat sterilisation. Sterilisation under conditions of high temperature and 
pressure not only degraded protein, vitamins and amino acids but caused proteins and carbohydrates 
to undergo a Maillard or Browning reaction. Sugars would caramelise in the presence of ammonium 
or phosphate ion and in this case, the alkaline adjustment probably changed the original composition. 
Even though the insecticidal activity still persisted in the earlier batches, it is important that the 
nutrients remained available after sterilisation. Other than ensuring the media was not left in prolong 
heat contact, the nutrient which react with one another could be sterilised separately then added or 
filtered sterilise without heat.  
Future study would include other carbon sources such as hexose, pentose, D-melezitose as alternatives 
for glucose for the production of metabolites (Wang and Xu, 2012) with the preparation process 
identified if they should be separately added or could be autoclaved in the same solution. Alternative 
nitrogen sources such as corn steep liquer and amino acids such as proline (Nation, 2008) could be 
studied if they too would be cheaper and better sources for insecticidal metabolite production.  
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9.6.3 Light and water activity 
Other future investigations could examine the influence of light and water activity. In a preliminary 
trial looking at the influence of culture in the presence of light and without, stronger repellency effect 
was observed for cultures grown in the dark. It was reported that B. bassiana grows faster in the 
presence of blue light (Zhang et al., 2009). The morphology were also different when exposed to light 
at different duration (Zhang et al., 2009). The effect of water potential on the production of insecticidal 
metabolite is unknown. Glucose-based and starch-based media both have high concentrations of salt 
which might influence the water activity of the broth for the growth and production of the fungus.  
Metarhizium anisopliae and Paelicomyces farinosus grew fastest at slightly reduced water activity 
while growth of B. bassiana was fastest when water was freely available (Hallsworth and Magan, 1999). 
Water activity is a good measure of the actual availability of water to the fungus. Low water activity 
induces the production of bioactive metabolites in halophilic and halotolerant fungi (Sepcic et al., 
2010). Increased salt concentrations resulted in higher haemolytic and antibacterial activity under 
stress conditions (Sepcic et al., 2010).   
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9.7 Conclusion 
The accidental discovery of an isolate of B. bassiana capable of producing insecticidal cultures via 
contact provided an excellent opportunity to study and understand this unknown side of B. bassiana 
and its contact insecticidal components. The insecticidal components of K4B3 were narrowed down to 
bassianolide and varieties of beauvericin from the mycelia and from the supernatant, heat-resistant 
and UV-detectable components. The insecticidal components from the supernatant were probably 
released when the blastospores germinated into infectious mycelia alongside with the red pigment 
oosporein. Beauvericin and bassianolide were mostly retained inside the mycelia, possibly for 
protection against the host immune system and other insects. The abundant oosporein and diverse 
beauverolides detected in the supernatant were mostly assisting the postulated mechanism of B. 
bassiana to destroy immune system of the host insect and establish the fungus in the host. 
Baseline data in this study provided information and conditions for the production of insecticidal 
metabolites. The conditions would have to be similar to the haemolymph of an insect and the most 
critical process is the initiation of the cultures. Glucose should be separately autoclaved and not 
caramelized. Start pH adjusted should be above 5.5 to neutral and uniform blastospores in numbers 
above 108 ml-1 was proposed to be used to give maximum release of the desired insecticidal material. 
K4B3 is a promising candidate for production of rapidly acting biological agent for insect control. There 
are many ways to utilise K4B3 and its products. There are still many ways that the insecticidal 
supernatant of K4B3 can be enhanced through future studies. One of many would be the critical study 
of the synergistic effects.  It is possible that the nonpolar metabolites; beauvericin, bassianolide and 
the UV-detectable heat resistant metabolites, together with the hydrolytic enzymes; chitinase, 
protease, lipase and organic acids produced by K4B3 work in synergy which kill the insects via contact 
effectively.  
This study has initiated research on metabolites with contact activities, which could be the way forward 
to understand and evaluate other isolates of B. bassiana in general as a whole, for the discovery of 
new metabolites for agriculture and medicinal use. 
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Appendix A 
A.1 Biosynthesis broth & fermentation parameters of K4B3 
A.1.1 Biosynthesis broth composition 
Ingredients Weight (g) 100 ml-1  
 
Bacteriological Peptone (Oxoid) 
Tryptone (Oxoid) 
Yeast Extract (Oxoid)  
NaCl (Scharlau)  
KH2PO4 (Scharlau)  
MgCl2 (Scharlau)  
L-Methionine (Acros)  
Glucose/dextrose (Scharlau) 
Filtered reverse osmosis water 
 
1.00 
0.20 
0.20 
0.60 
0.20 
0.05 
0.07 
3.00 
100.00 
Start pH: 5.5 (adjusted using CA 0.1 M) 
0.04 g l-1 of Streptomycin sulphate (Sigma-Aldrich) and 0.0125 g l-1 of Penicillin G sodium salt 
(Sigma-Aldrich) were added after autoclave. 
A.1.2 K4B3 shake flask fermentation parameters at Biotelliga 
Small shake flask: 250 ml round flat bottom wide neck flask 
Volume of medium: 200 ml 
Shake speed: 150 rpm 
Temperature: 27 °C 
pH: 5.5 adjusted using CA 0.1 M 
Stopper: Cotton wool 
Fermentation duration: Five days 
Big shake flask: 6 l round flat bottom wide neck flask 
Volume of medium: 1 l 
Shake speed: 130 rpm 
Temperature: 27 °C 
pH: 5.5 adjusted using CA 0.1 M 
Stopper: Cotton wool 
Fermentation duration: Five days 
 268 
A.1.3 Fermenter parameters at Biotelliga 
 
Fermentor: 180 l bioreactor Sartorius Stedim Biotech 
Volume: 150 l 
Shake speed: 80 rpm 
Air flow: 103 standard liters per min (slpm) 
Temperature: 27 °C 
pH: 5.5 adjusted using CA 0.1 M 
Fermentation duration: Five days 
A.1.4 K4B3 fermentation parameters at Lincoln University 
Small shake flask: 250 ml conical flask 
Volume of medium: 100 ml 
Shake speed: 225 rpm 
Temperature: 27 °C 
pH: 8 adjusted using NaOH 1 M  
Stopper: Silicone cap 
Fermentation duration: Three days 
Chapter 3 Bioassay data 
A.2.1 Aphids 
LC50 of crude mycelium extract against aphids Myzus persicae 
 
 
A.2.2 DBM caterpillars 
LC50 of crude mycelium extract against diamondback moth (DBM) caterpillars Plutella xylostella 
 
A.2.3 Brine shrimp 
LC50 of crude mycelium extract against brine shrimps Artemia salina 
 
Concentration Average Standard 
ppm log 1 2 3 4 (%) deviation
50 1.7 0 2 0 4 2 2
100 2.0 8 10 8 6 8 2
500 2.7 30 28 36 24 30 5
1000 3.0 84 90 84 78 84.0 5
Replicate & Mortality (%)
Concentration Average Standard 
ppm log 1 2 3 4 5 (%) deviation
6250 3.8 8 0 10 10 5 7 4
12500 4.1 26 20 31 20 12 22 7
18750 4.3 45 45 40 50 42 44 4
25000 4.4 100 90 90 98 100 96 5
30000 4.5 100 100 100 100 100 100 0
Replicate & Mortality (%)
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LC50 of K2Cr2O4 against brine shrimps Artemia salina 
 
 
 
A.2.4 Thrips 
LC50 of crude mycelium extract against thrips Frankliniella occidentalis 
 
Concentration Replicate & Mortality (%) Average  Standard  
ppm log 1 2 3 (%) deviation 
5000 3.7 0 5 2 2 3 
10000 4.0 30 38 32 33 4 
20000 4.3 90 85 95 90.0 5 
 
A.2.5 Mosquito larvae 
LC50 of crude mycelium extract against mosquito larvae of Culex pervigilans  
 
Concentration Replicate & Mortality (%) Average  Standard  
ppm log 1 2 3 4 (%) deviation 
500 2.7 0 0 - - 0 0 
1000 3.0 50 50 - - 50 0 
3000 3.5 60 60 - - 60 0 
5000 3.7 70 60 40 - 57 12 
20000 4.3 70 78 80 90 80 7 
50000 4.7 100 100 - - 100 0 
100000 5.0 100 100 - - 100 0 
Concentration Average Standard 
ppm log 1 2 3 4 (%) deviation
3700 3.6 0 0 0 0 0 0
5000 3.7 20 0 10 0 8 10
7500 3.9 10 10 0 20 10 8
10000 4.0 20 25 40 30 29 9
15000 4.2 40 55 60 40 49 10
20000 4.3 100 90 80 100 93 10
30000 4.5 100 100 90 100 98 5
40000 4.6 90 100 100 100 98 5
Replicate & Mortality (%)
Concentration Average Standard 
ppm log 1 2 3 (%) deviation
6.25 0.8 0 2 2 1 1
12.5 1.1 15 10 5 10 5
25 1.4 42 40 20 34 12
50 1.7 63 60 62 62 2
100 2.0 100 100 100 100 0
Replicate & Mortality (%)
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A.3 Chapter 4 MS data of mycelial extract 
A.3.1 MS instrument and general parameters used at AgResearch, University of Canterbury 
and Cawthron Institute 
 
a) Instrument maXis 10152 
 
b) Xevo-TQS MS  
    Electrospray Ionisation mode: Positive 
    Mass range: m/z 100-1000  
 
c) Waters-Micromass Quattro Premier 
    Waters UPLC. BEH C18 50 x 2 mm 1.7 µm  
    Mobile Phase A – 0.1% Formic Acid 
    Mobile Phase B – Acetonitrile 
 Flow rate 0.5 ml min-1 
 Gradient from 50% B to 100% B over 3 min, held for 1 min before returning to initial    
 conditions. 
 
d) Bruker Daltonics LC-MS system.  
Column: Dionex PepMap Acclaim C18 analytical column (250 × 0.075 mm, 2 µm) 
Gradient run: 60 min (from 2% MeCN increasing to 40% by the 40th min and increasing to 
95% by 55th min) 
Flow rate: 400ηl min-1  
Column temperature:  60 °C.  
MS system: impact HDTM  
Source: Captive spray 
Condition: 4 Hz spectra  
Cycle time:  7 s  
Scan range: 150-2200 m/z 
 
A.3.2 Chemical analysis of fractions 27th- 31st min from Figure 4.27 and Table 4.3. 
 
 
Beauvericin std
Time
0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00
%
0
K4B3_140127_07A Sm (Mn, 1x1) Scan ES+ 
TIC
7.07e8
m/z
400 450 500 550 600 650 700 750 800 850 900 950 1000
%
0
100
K4B3_140127_07A 101 (2.119) Cm (100:103) Scan ES+ 
1.24e8806
784
623
541523
441421419 495462 477 505 534
542 620
594570
756624
656635 658 702684 737733 738
758
766
785
786
787
807
808
822
823
886855825 868 901 935926 955968 988995
 271 
 
 
m/z
125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775
%
0
100
K4B3_140127_10 119 (2.125) Cm (118:121) Daughters of 785ES+ 
5.73e6x5244
134
234216180143158 184
262
246
541
523
495362
280 344335293 321
441
423395364 462477 505 540
623
605577553
756
656
651 684657 738702 729
766
773
Peters 27th min peak
Time
0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00
%
0
K4B3_140127_03A Sm (Mn, 1x1) Scan ES+ 
TIC
1.05e9
m/z
400 450 500 550 600 650 700 750 800 850 900 950 1000
%
0
100
K4B3_140127_03A 98 (2.068) Cm (98:102) Scan ES+ 
1.26e8784
623
541
523
441
423421
495
462 477
505
524
527
542
543
605595580
756
624
656625
635 658 684 702 738722
757
758
806
786
787
788
807
808
822
823
824
868855 886888 903 944 971958
m/z
125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775
%
0
100
K4B3_140127_11 119 (2.125) Cm (118:122) Daughters of 785ES+ 
5.54e6x5244
134
234216180143 162 206
262
261
541
523
362
280
280 344293 312 335
495
441
395380 423 462477 505
623
605595568559
756
656
625 685663 738702 727
766 775
Peters 28th min peak
Time
0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00
%
0
K4B3_140127_04A Sm (Mn, 1x1) Scan ES+ 
TIC
9.43e8
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m/z
150 200 250 300 350 400 450 500 550 600 650 700 750 800
%
0
100
K4B3_140127_12 128 (2.278) Cm (127:131) Daughters of 799ES+ 
3.49e6x5
244
134
234216180143 160 185
262
555
276
541
537
523509376
362358294 301 318
441
423378 395
455
495
476
770637
609573 590 619
670656
698681 753724
780 799
Peters 29th min peak
Time
0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00
%
0
K4B3_140127_05A Sm (Mn, 1x1) Scan ES+ 
TIC
7.90e8
m/z
400 450 500 550 600 650 700 750 800 850 900 950 1000
%
0
100
K4B3_140127_05A 117 (2.391) Cm (116:120) Scan ES+ 
1.07e8834
812
651
555537
455435423 509476 503
569
637634603571
784
652 764670 684
736712 751 766
786
787
813
814
815
835
836
850
851
852
914896883 916 931 953 986 996
m/z
150 200 250 300 350 400 450 500 550 600 650 700 750 800
%
0
100
K4B3_140127_13 138 (2.448) Cm (137:140) Daughters of 813ES+ 
2.20e6x5
258
244
134
234230180138 157 214
555
276
537
509
455376
294 372
297 358313
441
390 438409 465 469 487
523
569
651
624574 617 633
784
670 684
712 761720 746 776 794 813
Peters 31st min peak
Time
0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00
%
0
K4B3_140127_06A Sm (Mn, 1x1) Scan ES+ 
TIC
1.09e9
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m/z
400 450 500 550 600 650 700 750 800 850 900 950 1000
%
0
100
K4B3_140127_06A 134 (2.680) Cm (133:136) Scan ES+ 
1.46e8910
909
700
682455
437427 473 654504475 555552506 600570 573 637626 664
701 782
756736703 758
881784 806 864842833
891
931
926
911
912
932
933
947
948
949
983996999
Peters 29th min peak
Time
0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00
%
0
0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00
%
0
0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00
%
0
0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00
%
1
0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00
%
1
K4B3_140127_14 Daughters of 910ES+ 
TIC
1.02e7
K4B3_140127_13 Daughters of 813ES+ 
TIC
1.13e7
K4B3_140127_12 Daughters of 799ES+ 
TIC
2.85e7
K4B3_140127_11 Daughters of 785ES+ 
TIC
2.56e7
K4B3_140127_10 Daughters of 785ES+ 
TIC
2.57e7
31st min peak
29th min peak
28th min peak
27th min peak
Beauvericin std
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A.4 Chapter 5 MS data of supernatant 
A.4.1 MS data (separate dvd) for 
MSMS of selected hydrophilic ions of D3 supernatant 
Fraction 9 
Comparison of seven days sample  
A.4.2 LC spectra of water blank. 
 
              LC spectra of water blank. Top DAD, bottom LC peaks.  
A.4.3 Different sugar in Methanol was tested against aphids 
                
              Different sugar tested against brine shrimps 
                 
 
Milli Q blank  dil HILIC amide 80
Time
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00 5.25 5.50 5.75 6.00
%
55
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00 5.25 5.50 5.75 6.00
AU
-4.5e+1
-4.0e+1
-3.5e+1
-3.0e+1
-2.5e+1
-2.0e+1
-1.5e+1
-1.0e+1
-5.0
0.0
5.0
1.0e+1
1.5e+1
PNTX120627_08 2: Diode Array 
Range: 6.586e+11.18
1.84
2.33
PNTX120627_08 1: Scan ES+ 
TIC
1.48e7
1.390.61
0.550.490.19
0.12
0.43
0.29
1.10
0.780.84
1.17
1.36
1.32
3.641.721.41
1.48 1.89 3.09
1.961.98 3.05
2.02
2.28
2.11
2.31
2.37
2.40
2.46
2.89
3.40
3.38
3.34
3.31
3.59
3.57
3.70
3.75
5.935.91
5.85
5.683.88 5.66
3.90
4.07
5.39
4.38
5.96
In Methanol: Mortality of aphids Glucose : 100%  Fructose: 100% Maltose :   50% Sucrose :     0% 
Brine Shrimp at 24th and 48th hour Glucose :          65%       100% Fructose:          12%         17% Maltose :           8%          12% Sucrose :           15%         80% 
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A.5 Chapter 6 Fermentation and MS data 
A.5.1 Influence of nitrogen source: bacteriological and mycological peptone  
Media supplied LU001 media 
Bacteriological Peptone Oxoid mycological peptone 
LP0042 Tryptone Bacto tryptone BD 
Yeast Extract Bacto Yeast Extract 
NaCl NaCl 
Potassium dihydrogen phosphate Potassium dihydrogen phosphate 
Magnesium chloride Magnesium chloride 
L Methionine L Methionine 
Mono hydrate dextrose Mono hydrate dextrose 
 
A.5.2 Seed culture of K4B3 & parameters 
Ingredients: Biosynthesis medium of K4B3 as in A.1.1 
Flask: 250 ml conical flask with silicone cap 
Volume of medium: 100 ml 
Shake speed: 180 rpm 
Temperature: 27 °C 
pH: 7 
Age: Three days 
A.5.3 Starch-based bioassay and MS data 
Treatment Dead Alive Mortality (%) 
Combined EA and Hex extract 3 40 7 
Supernatant white precipitate from freeze drying 26 13 67 
Sup D5 after EA and Hex Diluted 100 ul :200 ul  40 5 89 
Sup D5 after EA and Hex undiluted 300 ul 48 3 83 
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MS from Canterbury Uni 
MS of Crude Fr3 
 
MS  of Fraction 7 
 
MSMS done for m/z 684 (a detectable peak in K4B3 supernatant) 
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A.6 Chapter 7 Enzymatic data 
A.6.1 Chitinase assay data (Absorbance data for Figure 7.2) 
 
 
 
 
0 h
1 2 1 2 1 2 1 2
D1 0.344 0.314 0.195 0.19 0.167 0.168 0.08 0.077
D2 0.313 0.284 0.269 0.279 0.218 0.22 0.091 0.09
D3 0.295 0.293 0.31 0.369 0.257 0.256 0.12 0.121
D4 0.274 0.287 0.355 0.345 0.346 0.338 0.153 0.158
D5 0.304 0.296 0.453 0.47 0.628 0.612 0.173 0.169
D6 0.339 0.348 0.624 0.642 0.778 0.783 0.182 0.154
D7 0.441 0.448 0.761 0.767 0.866 0.866 0.184 0.155
1 h
1 2 1 2 1 2 1 2
D1 0.419 0.401 0.283 0.277 0.192 0.2 0.096 0.09
D2 0.452 0.423 0.411 0.421 0.343 0.363 0.232 0.232
D3 0.564 0.567 0.802 0.885 0.769 0.838 1.046 1.053
D4 0.507 0.532 1.142 1.197 1.857 2.081 2.061 2.127
D5 0.738 0.732 2.578 2.673 3.82 3.78 2.423 2.453
D6 1.343 1.38 3.789 3.777 3.791 3.863 2.272 1.975
D7 2.557 2.671 3.818 3.841 3.886 3.847 2.105 1.902
Glucose pH5 Glucose pH8 Starch pH8 Mealworm pH7
Glucose pH5 Glucose pH8 Starch pH8 Mealworm pH7
Glucose pH5 Glucose pH8 Starch pH8 Mealworm pH7
D1 0.329 0.1925 0.1675 0.124
D2 0.2985 0.274 0.219 0.1555
D3 0.294 0.3395 0.2565 0.188
D4 0.2805 0.35 0.342 0.2455
D5 0.3 0.4615 0.62 0.3925
D6 0.3435 0.633 0.7805 0.4825
D7 0.4445 0.764 0.866 0.525
1 h Glucose pH5 Glucose pH8 Starch pH8 Mealworm pH7
D1 0.41 0.28 0.196 0.148
D2 0.4375 0.416 0.353 0.2975
D3 0.5655 0.8435 0.8035 0.942
D4 0.5195 1.1695 1.969 2.071
D5 0.735 2.6255 3.8 3.1015
D6 1.3615 3.783 3.827 3.0675
D7 2.614 3.8295 3.8665 2.976
Average
Average
0 h
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A.6.2 Protease Pr 1 (Absorbance data for Figure 7.3) 
 
Glucose pH5 Glucose pH8 Starch pH8 Mealworm pH7
D1 0.081 0.0875 0.0285 0.093
D2 0.139 0.142 0.134 0.232
D3 0.2715 0.504 0.547 1.0495
D4 0.239 0.8195 1.627 2.094
D5 0.435 2.164 3.18 2.438
D6 1.018 3.15 3.0465 2.1235
D7 2.1695 3.0655 3.0005 2.0035
Absorbance differences
0 hour 1 2 1 2 1 2 1 2
D1 0.092 0.088 0.074 0.078 0.067 0.066 0.077 0.087
D2 0.089 0.094 0.083 0.081 0.077 0.071 0.088 0.092
D3 0.093 0.095 0.088 0.085 0.077 0.081 0.095 0.098
D4 0.091 0.083 0.121 0.082 0.088 0.099 0.094 0.095
D5 0.091 0.089 0.131 0.131 0.338 0.322 0.091 0.089
D6 0.091 0.089 0.32 0.281 0.333 0.354 0.094 0.09
D7 0.197 0.196 0.337 0.319 0.35 0.37 0.108 0.103
1st hour 1 2 1 2 1 2 1 2
D1 0.096 0.095 0.077 0.075 0.071 0.073 0.075 0.079
D2 0.09 0.091 0.083 0.084 0.086 0.077 0.085 0.093
D3 0.094 0.095 0.107 0.094 0.081 0.086 0.092 0.095
D4 0.091 0.082 0.107 0.084 0.202 0.256 0.109 0.091
D5 0.096 0.094 0.414 0.424 0.427 0.416 0.095 0.092
D6 0.101 0.104 0.412 0.318 0.42 0.414 0.104 0.101
D7 0.421 0.429 0.411 0.426 0.418 0.416 0.264 0.232
Starch pH8 Mealworm pH7
Mealworm pH7Starch pH8Glucose pH8Glucose pH5
Glucose pH5 Glucose pH8
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A.6.3 SDS-PAGE data (separate dvd) 
Glucose pH5 Glucose pH8 Starch pH8 Mealworm pH7
D1 0.09 0.076 0.0665 0.082
D2 0.0915 0.082 0.074 0.09
D3 0.094 0.0865 0.079 0.0965
D4 0.087 0.1015 0.0935 0.0945
D5 0.09 0.131 0.33 0.09
D6 0.09 0.3005 0.3435 0.092
D7 0.1965 0.328 0.36 0.1055
Glucose pH5 Glucose pH8 Starch pH8 Mealworm pH7
D1 0.0955 0.076 0.072 0.077
D2 0.0905 0.0835 0.0815 0.089
D3 0.0945 0.1005 0.0835 0.0935
D4 0.0865 0.0955 0.229 0.1
D5 0.095 0.419 0.4215 0.0935
D6 0.1025 0.365 0.417 0.1025
D7 0.425 0.4185 0.417 0.248
0 hour
Average
1st hour
Average
Mealworm pH7
D1 0.025
D2 0.231
D3 0.211
D4 0.201
D5 0.149
D6 0.194
D7 0.166
Glucose pH5
Absorbance differences
-0.005 -0.0105 -0.005
Glucose pH8 Starch pH8 
0.0005 0.014
-0.001
-0.0005 -0.006 0.1355
0.0192 0.3022 0.1057
0.0708
0.261 0.123 0.0895
0.0098 0.0618
0.0015 0.0075
0.0045
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A.7 Chapter 8 Organic acid data 
A.7.1 Freeze dried supernatants of cultures with different carbon sources 
Freeze dried weight of 2 ml supernatants from glucose-based cultures supplemented with 
different carbon sources. Samples taken on three-, five- and seven-day-old cultures. 
Carbon sources Day 3 (mg) Day 5 (mg) Day 7 (mg) 
Galactose 40.6 37.7 35.6 
Glucose 35.0 37.8 36.4 
Cellulose 43.3 40.7 35.4 
Sucrose 35.7 35.6 31.8 
Cicada 43.8 42.2 42.2 
No carbon 43.8 40.5 36.8 
 
A.7.2 Minerals supplementation 
Minerals and amount used to prepare 15mM of selected minerals for fermentation 
Minerals Molar mass (g/mol) Amount (g) 
Zinc sulphate, ZnSO4.7H2O 287.53 1.30 
Copper sulphate, CuSO4.5H2O 249.68 1.10 
Cobalt chloride, CoCl2.6H2O 237.93 1.05 
Magnesium chloride, MgCl2.6H2O 203.31 0.90 
Manganese chloride, MnCl2.4H2O 197.91 0.90 
A.7.3 Citric acid supplemented 
Concentration of CA used to test the effect of CA as precursors  
Concentration (mM)   Weight (g) 
50               2.9 
100              5.8 
200            11.5 
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A.7.4 Retention time of organic acid standards 
 
Figure A.7.1 Retention time of organic acid standards at 5 mg ml-1. OxA: Oxalic acid, TA: Tartaric acid, 
DPA: Dipicolinic acid, MA: Malic acid, LA: Lactic acid, AA: Acetic acid, SA: Succinic acid, CA: Citric acid 
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